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ABSTRACT

Structural Analysis of the Mitten Park Reverse Fault
and Related Deformation in Dinosaur National
Monument, Northwestern Colorado and Northeastern Utah
by
Clint M. Brown, Master of Science
Utah State University, 1996
Major Professor:
Dr. James P. Evans
Department: Geology
An integrated field and structural analysis of the Mitten Park fault-fold
structure, northwestern Colorado and northeastern Utah, examines its structural
origin. The Mitten Park structure is a modified fault-propagation-fold. This new
model incorporates faulting, folding, and fracturing in one deformational event
to produce the Mitten Park fault and associated monocline.
The largest structure in the study area is the Mitten Park fault and
associated monocline. The Mitten Park fault has approximately 127 meters
(415 feet) of net slip, strikes S28 °W and dips 55 °WNW. In the footwall, net
shortening was accommodated by reverse and normal faulting. Faulting was
the result of northwest-southeast directed shortening.

Reverse faulting

accommodated the majority of the fault-related strain along the fault's trace and
resulted in net shortening. However, normal faults in the overturned limb of the
footwall of the Mitten Park fault also accommodated northwest-southeast
directed shortening.
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Folds in the study area are asymmetrical and statistically cylindrical in
both the footwall and the hanging wall.

Folding facilitates northwest-southeast

directed shortening. There is a direct correlation between changes in the strike
and dip of the fault plane and changes in the trend and plunge of fold axis in the
footwall.
Fracture orientations show no significant variation in geometry from
hanging wall to footwall. Fracture intensity increases with proximity to the Mitten
Park fault.
Balanced cross sections of the Mitten Park area use a modified fault
propagation-fold model and are also constrained by field observations and
interlimb angles of folds. Total shortening in the study area is 13.5% and was
accommodated by the hanging wall, the footwall, and the Mitten Park fault. The
hanging wall accommodated 70.8% of total shortening, the footwall
accommodated 14.9% of total shortening, and the Mitten Park fault
accommodated 14.3% of total shortening. The significant amount of strain in
the footwall of the fault is different from classical models of fault-propagation
folds, which depict a rigid undeformed footwall.

(122 pages)
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INTRODUCTION
OBJECTIVES
The goal of this study was to determine the geometry, type, and amount
of deformation associated with the Mitten Park reverse fault system in the Mitten
Park area of Dinosaur National Monument, Moffat County, Colorado and Uinta
County, Utah (Figures 1 and 2).

Structural analysis was performed on the

Mitten Park reverse fault system, the Mitten Park monocline, the Warm Springs
monocline, the Trail Draw syncline, and the Ruple Point-Red Rock anticline.
This study provides a kinematic model to explain this deformation, which tests,
refines, and modifies existing kinematic models of fault-related folds.

The

kinematic model quantifies the total strain accommodated by faulting and
folding in the area. The timing of deformation is addressed and the relative
order of deformational events is determined. The possibility that the Mitten Park
reverse fault system reactivates preexisting faults in the Canyon of Ladore and
this possible reactivation's influence on the structural evolution of the area are
also considered.

This information will yield a better understanding of this

region's deformational history, contribute to the general knowledge of
deformation in the Uinta Mountains, and shed light on the kinematics of reverse
fault-fold structures.
GEOLOGIC SETTING
Regional
The Mitten Park study area lies at the southeast end of the Uinta
Mountains, a foreland uplift formed during the Laramide Orogeny. Controversy
and disagreement over the basic mechanisms of the Laramide Orogeny go

back for over 50 years (Bird, 1984).
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Debates have been concerned with

tectonic models for the Laramide Orogeny, such as shallow slab subduction,
crustal thickening, and Colorado Plateau rotation; over mechanical and
structural models; and over the timing of the Laramide Orogeny (Hamilton,
1981; Jordan and others, 1983; Bird, 1984; Dickinson and others, 1988). The
Uinta Mountains are a particularly interesting part of the Rocky Mountain
foreland province because of their anomalous orientation, their penetration of
the Sevier orogenic belt in the Wasatch Range, their excellent exposure of pre
Cambrian strata, and their proximity to the Colorado Plateau.
The Uinta uplift is a major east-trending anticlinorium which resulted from
compressional Laramide deformation that extends approximately 150 miles
from western Colorado to the Wasatch Mountains in north-central Utah.

The

anticlinorium has an average width of approximately 35 miles (Figure 2). The
Laramide Uinta uplift probably reactivated a Proterozoic east-west trending
grabben that was superimposed on the south-dipping suture zone at the
southern margin of the Archean Wyoming province (Miller and others, 1992).
Hansen (1969, 1986) has proposed a division of the Uinta uplift into east and
west parts that correspond to separate eastern and western structural
culminations.

The Uinta Mountains are cored by Middle Proterozoic

sedimentary rocks, underlain by Archean metamorphic rocks intruded by Early
Proterozoic plutonic rocks (Bryant and Nichols, 1988). These basement rocks
are only exposed on the northeast flank of the Uinta Mountains. The Uinta uplift
is bounded to the north by the North Flank thrust fault (Bruhn and others, 1986;
Bradley and Bruhn, 1988; Dickinson and others, 1988).

Bradley and Bruhn

(1988) and Bryant and Nichols (1988) show the southern boundary of the Uinta
uplift as a normal fault whereas Dickinson and others (1988) and Bruhn and
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Figure 1.
Geologic map of the Rocky Mountain foreland.
Exposed Precambrian crystalline rocks are outlined by thick lines
and Precambrian rocks presently above sea level are stippled.
This map is adapted from Erslev (1993).
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others (1986) have mapped the southern boundary as the Southern Flank
thrust fault.
The Uinta uplift is bounded in the northwest by the Green River basin, in
the northeast by the Washakie basin, in the southeast by the Piceance Creek
basin, and in the southwest by the Uinta basin. The southern margin of the
Uinta Mountains coincides with the northern margin of the Colorado Plateau
(Hansen, 1969).
The Cottonwood Arch is the western continuation of the Uinta uplift but
these two are separated by Rhodes Valley, a structural and physiographic
depression (Bradley and Bruhn, 1988). However, Mesozoic strata on the north
limb of the Uinta uplift can be traced almost continuously across into the
Cottonwood Arch. This strongly suggests that the two were originally part of the
same east-trending, north-vergent anticlinorium (Bradley and Bruhn, 1988).
Therefore, the western extent of the Uinta uplift intersects the Wasatch
Mountains at 90 °, dividing the Wasatch Mountains into two structural segments
(Hansen, 1969; Bradley and Bruhn, 1988). The eastern portion of the Uinta
uplift near the Mitten Park study area trends east-southeastward (Hansen,
1969). Northeast-trending structures in the Uinta Mountains are rare except in
the southeast edge of the Uinta Mountains.

The study area lies within the

southeast edge of the Uinta Mountains.
Local
The study area is located at the southeastern edge of the Uinta uplift.
Field work was performed along the Mitten Park thrust system and in adjacent
folds (Figures 2 and 3). North-northeast striking faults in this region evolved
during the Cretaceous-Eocene Laramide orogeny and are located in the Rocky
Mountain foreland province (Dickinson and others, 1988).

The area was

5
chosen for its exposure of the fault system and related folds, which facilitated
detailed mapping and sampling.

The study area is subdivided into three

sections: northern, central, and southern (Figure 2).
The Canyon of Ladore contains several normal faults that offset
Proterozoic Y rocks, but do not offset the overlying Cambrian Ladore Formation
(Figure 2; Hansen and others, 1983). These faults fall into two distinct sets. The
Disaster and Ecklund faults have a north-northeast strike and west-northwest
dip with a normal, down to the west-northwest sense of slip indicative of an
west-northwest to east-southeast extension direction. The Zenobia and Pot
Creek faults have a southeast strike and a southwest dip with a normal, down to
the southwest sense of slip indicative of a northeast-southwest extension
direction. The Mitten Park, Disaster, and Ecklund faults have similar strikes and
dips (Figure 2). The similarity in strike and dip and the fact that the Mitten Park
fault is along strike of the Disaster Fault suggest that the Mitten Park fault might
have reactivated the preexisting extensional faults. Therefore, the possibility of
fault reactivation was examined in the Mitten Park and Canyon of Ladore areas.
The central portion of the study area contains three folds and one reverse
fault (Figure 2) (Hansen and others, 1983), which have two distinct trends. The
Mitten Park monocline and the southern portion of the northern branch of the
Trail Draw syncline have northeast-southwest-trending axial traces, which
suggest a northwest-southeast shortening direction. The Mitten Park fault has a
northeast strike and a west-northwest dip with a reverse, top to the east
southeast sense of slip, which is indicative of an east-west to northwest
southeast shortening direction.

Based on Walsh and Watterson's (1989)

analysis of fault shape, the Mitten Park fault may have an elliptical or disc-like
shape, which would suggest that the surface exposure is only partially
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Figure 3. Photographs of the Mitten Park faultafold structure.
The upper photograph shows the hanging wall and the Mitten Park
fault. The lower photograph shows the footwall and the Mitten Park
fault.
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indicative of its entire size or length. Therefore, the Mitten Park fault may affect
adjacent structures with larger surface expressions.

The Warm Springs

monocline, the northern and eastern portion of the northern branch of the Trail
Draw syncline, and the western portion of the Trail Draw syncline have east
west-trending axial traces suggestive of a north-south shortening direction
(Hansen and others, 1983). The western portion of the Trail Draw syncline
plunges westward.
The southern portion of the study area contains four folds and one
reverse fault (Figure 2). These structures also have two distinct trends. The
Moonshine Draw syncline, the Yampa monocline, and the northwestern portion
of the Ruple Point-Red Rock anticline have east-west-trending axial traces
suggestive of a north-south shortening direction. The southern branch of the
Trail Draw syncline and the eastern Ruple Point-Red Rock anticline have
northwest-southeast-trending axial traces, suggestive of a northeast-southwest
shortening direction.

The Moonshine Draw syncline and the southeast

plunging Ruple Point-Red Rock anticline terminate at the Yampa fault. The
Yampa fault strikes east-west, dips south with a reverse, top-to-the-north, sense
of slip which suggests a north-south shortening direction. The structures in
most of the field area and the structure of the Uinta Mountains suggest that the
structures developed in an overall north-south-oriented shortening event.
PREVIOUS INVESTIGATIONS
Regional
Dickinson and others (1988) deciphered the timing of the Laramide
Orogeny in the central Rocky Mountains by analyzing sedimentary basins
formed during the Laramide Orogeny. They found that data from the Uinta
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basin suggests that Laramide deformation began during the Late Cretaceous at
the Campanian-Maastrichtian boundary (74.5±4 Ma). Data from both the Green
River and the Washakie basins suggest that Laramide deformation began at or
near the Late Cretaceous Maastrichtian-Early Tertiary Danian boundary (66.4
Ma) (Figure 4). Dickinson and others (1988) found that the earliest possible
conclusion of the Laramide deformation was during the Early Oligocene
Rupelian (36.6 Ma - 30.0 Ma) from Uinta Basin data, during the Late Eocene
Priabonian (40.0 Ma - 36.6 Ma) from Washakie Basin data, and during the
Middle Eocene Lutetian (52.0 Ma - 43.6 Ma) from the Green River Basin data
(Figure 4).

Dickinson and others (1988) found that the latest possible

conclusion of the Laramide deformation

was during the very early Late

Oligocene Chattian (30 Ma - 29 Ma) from Uinta Basin, Washakie Basin, and
Green River Basin data (Figure 4). In conclusion, based on data from the Uinta,
Washakie, and Green River Basins, the Laramide Orogeny began during the
Late Cretaceous Maastrichtian and ended before or during the Late Oligocene
Chattian.
Early models for the evolution of the Uinta Mountains suggested that
compressive stress was transmitted tangentially from the west to the east
through the continental basement rocks (Sales, 1968).

Hansen ( 1969) and

Sears and others (1982) proposed that the seemingly anomalous orientation of
the Uinta Mountains was controlled by the preexisting Uinta Trough and the
thick prism of sediments held therein. Normal faults in the Canyon of Ladore
may be related to deformation at the end of the trough. Other models suggest
that Laramide deformation was linked to the warming and eastward depression
of the subduction-related volcanic/metamorphic belt or to a stress pulse caused
by an accretionary event at the coast (Bird, 1984). Recent work has resulted in
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Figure 4.
Illustration of the onset and conclusion of the
Laramide deformation determined from s tratigraphic and
sedimentological evidence in the sedimentary basins adjacent to
the Uinta uplift. Lines with arrows indicate the duration of the
Laramide deformation and dashed lines indicate the earliest
possible conclusion. Adapted from Dickinson and others (1988).

the abandonment of the eastward transmission of stress model (Dickinson and
others, 1988). The compressive stress that resulted in the Laramide Orogeny
was probably generated by shear between the continental lithosphere and a
subhorizontal, shallowly subducting slab of oceanic lithosphere (Jordan and
others, 1983; Bird, 1984; Dickinson and others, 1988).

The western Uinta

Mountains have been interpreted as a lateral ramp in the Hogsback thrust of the
Sevier fold and thrust belt (Bruhn and others, 1986). Subduction of a gently
dipping slab could result from any one or a combination of: 1) increased net
velocity of relative plate convergence at the trench, 2) increased trenchward
(westward) motion of the North American plate, 3) increasing buoyancy of the
subducting oceanic lithosphere due to decreasing age, or 4) increasing
buoyancy of the subducting oceanic lithosphere due to the presence of buoyant
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oceanic plateaus or aseismic ridges (Dickinson and others, 1988). A proposed
modern analog for the Laramide Orogeny that uses the subduction of a gently
dipping slab is the Andes mountain system (Jordan and others, 1983).
The Andes mountain system is formed by the subduction of oceanic
lithosphere beneath continental lithosphere and, over much of its length, the
Andes consists of a trench in the west, a magmatic arc, and a foreland thrust
belt and basin in the east (Jordan and others, 1983). Major variations in the dip
of the Benioff zone delineate segmentation of the subducted Nazca plate that
divides the Andes mountains into tectonic segments; structural styles differ
above steep and shallowly dipping subduction slabs (Jordan and others, 1983).
This segmentation is supported by the correlation of the eastern limit of Benioff
zone seismicity with the eastern limit of deformation found in the overriding
South American plate (Jordan and others, 1983). Jordan and others (1983)
have shown that between 2 ° South and 15 ° South and between 28 ° South and
33 ° South, the Andes are very different from the typical oceanic-continental
convergent plate margin and have attributed the difference to shallow slab
subduction. Features above a shallowly subducting slab include: 1) a steady
topographic rise from the coast, 2) lack of significant magmatism, 3) a narrow
belt of thin-skinned eastward-younging shortening, and 4) recent uplift of
crystalline basement rocks in the mountains. In areas of shallow subduction,
compression parallel to plate convergence is observed up to 800 km east of the
trench (Jordan and others, 1983). Jordan and others (1983) also point out that
crustal seismicity is confined to narrow thrust belts above steep subducting
regions and is spread over a broad region in areas of shallow subduction.
Neogene Andean tectonics seem to be similar to the Late Cretaceous-Early
Cenozoic tectonics of western North America. If this comparison is valid, then
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the Cordilleras of North and South America represent examples of a single type
of orogenic system (Jordan and others, 1983). Therefore, a shallow subduction
model may provide for an adequate explanation of the Laramide Orogeny.
Bird (1984) noted that there has been significant crustal thickening,
which is supported by seismic velocity and geothermal data, from a value of 33
km to 50 km total continental lithosphere. The thickening is possibly associated
with the Laramide Orogeny and must be accommodated in any tectonic model.
The source of this isostatic crustal thickening has not been ascertained.

A

southwest-northeast transportation of the ductile lower crust may have been
caused by shear stresses resulting from the interaction of the Farallon plate and
the base of the North American lithosphere (Bird, 1984). By using the relative
motion vectors of the Farallon plate and North America, Bird (1984) was able to
project the path of the shallowly subducted slab inland for several different time
periods (Figure 4). Comparison of the slab path predicted by Bird (1984) with
Laramide orogenic chronology shows some interesting correlations. The onset
of the Laramide Orogeny, approximately 75 Ma, corresponds to the inland and
northeastward sweep of the proposed hinge line of the shallowly subducted
Farallon plate. The conclusion of the Laramide Orogeny, approximately 30 Ma,
corresponds to a southwestward retreat of the shallowly subducted Farallon
plate.

It is also interesting to note that the shape of the southwestwardly

subducted Farallon plate suggests that the shallowly subducted Farallon plate
was present in the south longer than in the north, which would correlate well
with the diachronous timing of the conclusion of the Laramide Orogeny (Bird,
1984; Dickinson and others, 1988).
Hamilton (1981) suggests that the Colorado Plateau could have
experienced clockwise rotation due to drag along the shallowly subducting slab
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Figure 5. Hypothesized locations of shallow slab subduction
beneath North America from late Cretaceous through Oligocene
time. Solid arrows show velocity of the Farallon plate with respect
to North America; lengths are equal to 5 Ma of relative
displacement. -Shading indicates regions of volcanism. Solid lines
without angle symbols at 70 Ma represent edges of the shallow
slab, which should not have caused volcanism. Lines with dihedral
angle symbols are suggested hingelines at the beginning and end
of each period.
Dotted arrows show the sense of hinge line
migration. Adapted from Bird (1984).
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during its northeastward migration as a result of the partial coupling of the
shallowly subducting slab with the continental lithosphere underlying the
Colorado Plateau. This proposed rotation of the Colorado Plateau could create
a locally north-northeast to south-southwest directed principal stress field. This
clockwise rotation may explain the apparently anomalous east-west orientation
of the Uinta Mountains, which would probably be most affected by this rotation
because of their position on the northern margin of the Colorado Plateau.
There are several problems with the Laramide Orogeny that remain
unresolved. First, there is no satisfactory model to explain the lateral transition
in the north and south from a shallow slab to a steep slab.

Second, although

the geometric evidence supports control of Laramide events by a subducted
linear aseismic ridge, the other three mechanisms for shallow slab subduction
have not been satisfactorily eliminated (Dickinson and others, 1988). Third, the
absence of a northeastward sweep of volcanism across Utah, Wyoming, and
Colorado that would be associated with the northeastward migration of the
shallow subducting slab hinge line is puzzling. Fourth, Dickinson and others
(1988) argue that significant crustal thickening could not be attributed to
Laramide deformation and associated shallow slab subduction because
previous studies suggest that the post-Laramide landscape was not elevated.
However, recent work by Gregory and Chase (1992) suggests that the post
Laramide landscape was elevated, which supports the Bird crustal-thickening
model.

A more conclusive determination of the post-Laramide landscape

elevation is needed. Fifth, either a better model and/or a modern analog to
existing crustal thickening mechanisms would be desirable.

Summary of Tectonic Issues
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1. The Laramide Orogeny in the Uinta Mountains probably began during the
Late Cretaceous (Maastrichtian) and began no later than the Maastrichtian
Danian boundary and ended no later than Oligocene (Chattian).
2. The Laramide Orogeny in the Uinta Mountains is probably due to shallow
subduction.
3.

The evidence for an overly thickened crust resulting from the Laramide

Orogeny is still not conclusive and more post-Laramide elevation data are
needed.
4.

The seemingly anomalous east-west orientation of the Uinta Mountains

could be the result of a clockwise rotation of the Colorado Plateau due to the
partial coupling of its underlying lithosphere with the shallowly subducting
Farallon plate.
5.

The geometry of the lateral transition from steep slab to shallow slab

subduction is still not fully understood.
6. The final tectonic solution that explains the Laramide Orogeny and its effects
on the Uinta Mountains will probably draw from the shallow slab subduction
model, the crustal thickening model, and the Colorado Plateau rotation model.
Local

The Mitten Park reverse fault and related deformation at Dinosaur
National Monument were previously studied by Cook and Stearns (1975). They
showed that Proterozoic rocks were thrust eastward during the early Tertiary
Laramide Orogeny. However, Cook and Stearns (1975) failed to recognize that
the area has both steep and shallowly dipping faults and they incorrectly
attributed the deformation to vertical tectonics. Cross sections using the vertical
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tectonics model do not maintain area conservation. Therefore, the Cook and
Stearns kinematic model of the deformation is flawed.
This study tests kinematic models of fault-related folds and reanalyzes
the geologic mapping of the Mitten Park area (Hansen, 1977a,b; Hansen and
others, 1983). The monocline in the hanging wall of the Mitten Park fault places
the Morgan Formation above the Weber Formation, and Hansen (1977b)
Hansen and others (1983) show the Mitten Park fault trace at the contact of the
two units. Field work suggests that, near the western tip of the fault, the Mitten
Park fault trace and its associated splays are within the Weber Formation, not at
the contact between the Weber and Morgan formations.

More specifically,

several faults were examined in the Canyon of Lodore area to examine high
angle Proterozoic Y faults in the Uinta Mountain Group.

The map pattern

suggests that the Mitten Park reverse fault may have reactivated a preexisting
Proterozoic Y fault. Examination of the orientations of faults and analysis of slip
directions on the faults in the Canyon of Lodore are used to test this possibility.
Pavlis and Bruhn (1988) have shown that the stress field may rotate at or
near the terminus of a fold tip. It is also possible for a change in fold type, from
cylindrical folding to conical folding, to occur as a fold tip is approached (Pavlis
and Bruhn, 1988).

Due to crack-tip concentrations and reorientation of the

stress, it would be reasonable to expect a rotation of the stress field from a dip
slip-favorable orientation to a strike-slip-favorable orientation at the terminal
ends of the Mitten Park reverse fault, and for this localized shift in the stress field
to also produce changes in fold axes in the adjacent area. The work of Pavlis
and Bruhn (1988) suggests that there could be conical folds at the tips of the
Mitten Park monocline, the Warm Springs monocline, the Trail Draw syncline,
and,

possibly,

the

Ruple

Point-Red

Rock

anticline

(Figure

2).
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Footwall deformation

The fault-propagation and fault-bend fold models for fault-related folds
both suggest that the footwall is rigid, that the footwall acts as an inert beam that
has been cut by the thrust or reverse fault (Suppe, 1983; Ellis and Dunlap,
1988; Suppe and Medwedeff, 1990). The models imply that no strain is taken
up by the footwall (Figure 4a; Suppe, 1983; Suppe and Medwedeff, 1990).
Ramsey (1992) observed that convention places the deformation in the hanging
wall and he pointed out that failure and fold criteria make no such restriction. To
illustrate his argument, he showed a fault-bend fold that has all the deformation
contained in the footwall (Figure 4b; Ramsey, 1992).

Except for Ramsey's

model, existing kinematic models make one of two assumptions:

Strain is

accommodated by the hanging wall and the footwall acts either as an inert
beam or is slightly deformed with no appreciable strain accommodation (Ellis
and Dunlap, 1988).

No model exists that incorporates independent strain

accommodation in both the hanging wall and the footwall. Initial field work and
existing cross sections of the Mitten Park reverse fault and the associated Mitten
Park monocline, NW. Colorado (Figure 2), suggest a similarity between the
observed hanging wall deformation and the predicted hanging wall deformation
in fault-propagation fold models.

In addition, the Mitten Park reverse fault

shows a significant amount of footwall deformation in the form of synclinal
folding that is, spatially at least, directly related to faulting (Cook and Stearns,
1975; Plate 1 ).

Therefore, the assumption that the footwall is inert may be

inapplicable in this study area and the existing footwall deformation will have to
be incorporated into any kinematic model of the structure. A more rigorous test
using field data and kinematic analysis is performed to determine if the
traditional fault-propagation fold model can be applied to the Mitten Park area.
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Figure 6. Kinematic models of folds. (a) schematic drawing
of a fault-propagation fold from Woodward and others (1985) which
shows deformation wholly contained in the hanging wall.
(b)
schematic drawing of a fault-bend fold from Ramsey (1992) which
shows deformation wholly contained in the footwall.

19
Previous kinematic models of fault-propagation folds have been
developed for structures in sedimentary rocks (Jamison, 1987; Chester and
Chester, 1990; Suppe and Medwedeff, 1990). McConnell (1994) argues that
such models do not apply to foreland structures because the stiff isotropic "hard"
metamorphic rocks do not deform in the same manner as "soft" sedimentary
rocks. The Mitten Park fault-fold structure deforms weakly metamorphosed,
thin- to medium-bedded Proterozoic sedimentary rocks overlain by Paleozoic
Mesozoic sedimentary rocks, and thus serves as an example of an intermediate
structure, with hanging wall rocks that are layered, but probably stiffer and more
uniform than most sedimentary rocks: an intermediate between "thin-skinned"
fault-fold models and "thick-skinned" models (Erslev, 1991; Schmidt and others,
1993; McConnell, 1994).

GEOLOGIC MAP
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This research project required that the study area be mapped with
particular attention to structural features and controls. A structural examination
of this area entailed geologic mapping at a scale no smaller than 1 :12,000. A
determination of the need for larger scale mapping of individual, particularly
significant features was made in the field and, when deemed necessary, this
smaller scale mapping was performed.
Photogrammetric analysis was not performed because air photos of the
study area at a suitably large scale were unavailable.
Before conducting any field mapping, the author conducted a search for,
and examined, published geologic maps.

The five relevant geologic maps

cover portions of the study area (Hansen and others, 1991; Hansen 1977a,b;
Hansen and Rowley, 1980a,b) (Figure 7). The map work of Hansen and others
(1983) covers the entire study area at a scale of 1 :50,000. The other four
existing maps cover portions of the study area at scales of 1 :24,000.
To verify or check the existing geologic maps, the author remapped large
portions of the project area without the help of the existing maps. When the
majority of the project area had been remapped, a comparison was made
between the author's new map and the existing maps. Stratigraphic contacts
on the author's map were determined to be very similar to the existing maps.
Any and all differences were noted, and, in these cases of discrepancy, the
newer map was used. Existing maps were lacking the fundamental information
required for a detailed structural analysis. The author compiled all previous
structural data onto Plate 1.

The new geologic map of the area, Plate 1,

resembles previous maps in the placement of contacts, but contains more
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U.S.G.S Map 1-1407 by Hansen and others, 1983.
U.S.G.S. Map GQ-1401 by Hansen, 1977a.
U.S.G.S. Map GQ-1403 by Hansen 1977b .
U.S.G.S. Map GQ-1530 by Hansen and Rowley, 1980a.
U.S.G.S. Map GQ-1536 by Hansen and Rowley, 1980b.

Figure 7. Index map to previous
Individual maps are located and labeled.
represents the study area.

geologic mapping.
The stippled area
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structural information. Also, the new structural data contained in the geologic
map allow for a radically different structural interpretation.
It was not possible to collect structural data uniformly in the study area
because vertical cliffs along the Green River were nearly inaccessible. The field
area exhibits over 914.4 m (3,000 feet) of vertical relief that is often manifested
in sheer drops and cliffs of over 304.8 m (1,000 feet). The southern portion of
the study area is gently sloping. Towards the north at the edge of the study
area, the gentle slope gives way to a steep slope incised by steep-walled
canyons. This moderate slope gives way to the vertical cliffs that surround
Harpers Corner overlook. This topographic setting made field work along the
ridge below Harpers Corner overlook extremely difficult. Traveling from one
point to another often required a circuitous route. Multiple rappels of several
hundred feet were made off Harpers Corner overlook to obtain data for
structural control. As a result, some data were not collected in the classical
manner, along cross-sectional lines.

However, data were collected wherever

possible.
Beyond the mapping of stratigraphic contacts, field data were collected
with the intent to yield structural control. The strike and dip of exposed bedrock
was one element in this structural control. To facilitate the fault analysis, fault
data collected included the strike and dip of the faulted units, the amount and
sense of offset (if ascertainable), the strike and dip of the fault, the trend and
plunge of fault zone lineations, and the sense of slip of fault zone lineations. To
facilitate fold analysis, fold limb data were collected by mapping the strike and
dip of a contact or surface throughout the entire fold, traversing from one fold
limb to the fold core (hinge zone) to the other fold limb. To facilitate fracture
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analysis, fracture data were collected by mapping the strike and dip and the
relevant intensity of the fractures.
To summarize, geologic field mapping was generally performed at a
scale of 1 :12,000, with some smaller, outcrop-scale mapping performed in local
complex regions near the fault zone.

Air photo interpretation and

photogrammetric techniques were not used because of the scale and type of
available air photos. Topographic relief further complicated field mapping and
data collection. The goal of the field mapping was to produce a geologic map
that provides structural control and facilitates a detailed structural analysis of a
relatively small study area.
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ANALYSIS
FAULT ANALYSIS

Fault data were collected wherever possible along and near to the Mitten
Park fault trace (Figures 8 and 10). In order to adequately describe the Mitten
Park fault and the deformation related to its motion, the geometry and
kinematics of the Mitten Park fault and of smaller faults were determined. A
kinematic solution was obtained by considering the fault orientation, slip
direction, and sense of slip. Data gathered in the field were analyzed to give
insight into the geometry of the faulting and to quantify the total amount of strain,
at cross-section scale, which was accommodated by the faulting.
In the field, it appeared that the Mitten Park fault is planar.

This

conclusion is supported by analysis of the fault's trace on the geologic map
(Plate 1 ).

If the Mitten Park fault were not planar, its trace would be more

sinuous. Fault analysis yields an approximate orientation of the Mitten Park
fault that can be used for cross-sectional control.

Fault analysis suggests

subsidiary normal faults in the footwall that facilitate shortening in the synclinally
folded and overturned Pennsylvanian Weber Sandstone. Fault analysis also
yields a principal shortening direction and an orientation of the stress field that
can be used for kinematic control
Methods
Fault analysis begins with several three-point problems of the map trace
of the Mitten Park fault. High topographic relief and the exposure of the Mitten
Park fault in and around the Mitten Park area on both the west and
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Figure 8. Photograph of the Mitten Park fault. The fault zone
or core can be seen surrounded by a damaged zone. The damaged
zone is bounded by fractured rocks in the hanging wall and
footwall.
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east side of the Green River (Figure 9) allows for three-point problem analysis.
Five well-constrained points (A,B,C,D, and E) give five fault plane solutions:
Solution 1:

Points A, B, and E Strike = S31°W

Dip= 67 ° NW

Solution 2:

Points A, C, and E Strike = S29° W

Dip= 51 ° WNW

Solution 3:

Points A, D, and E Strike = S29°W

Dip= 60° WNW

Solution 4:

Points B, C, and E Strike = S22°W

Dip= 39° WNW

Solution 5:

Points B, D, and E Strike = S28 °W

Dip= 58 ° WNW

Approximately 61% of the length of the trace of the Mitten Park reverse fault is
represented by A to E; therefore, solutions 1, 2, and 3 are representative of
61 % of the Mitten Park reverse fault's trace. By using Stereonet v.4.5.2a,
computer software by Richard W. Allmendinger, a mean fault plane solution can
be derived from the three-point problem solutions (Figure 11). To verify that the
mean vector is a valid representation of the maximum concentration of three
point data and not just an average value for distinct data points, the mean vector
is overlain on the Kamb contour plot. As can be seen in Figure 11, the mean
vector lies in the area of maximum deviation from standard distribution (i.e., in
the area of maximum concentration) for the Kamb contour plot. Therefore, the
mean vector lies within the maximum concentration of the three-point data and
can be used to represent these data points. Finally, the poles to the three-point
solution are plotted, the mean vector is overlaid on top of them, and the great
circle to the mean vector is plotted. Based on three-point analysis, the Mitten
Park fault, on average, strikes S28 °W and dips 55 °WNW and has a pole that
plunges 35 ° towards S62° E.
Eighty-two fault orientations were collected in the field along the Mitten
Park fault trace. Thirty-three of the data, found predominantly in the fault zone,
had slickenlines and sense of slip indicators suggestive of reverse slip.

Figure 9. Locations of fault segments used in three-point
solutions. There are five locations along the Mitten Park fault that
were ideally suited for three-point problem analysis.
At these
locations the surface exposure of the Mitten Park fault is
constrained. These five locations are labeled as points A through
E, with their respective elevations in parenthesis.
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Figure 10. Photograph of example fault surface with exposed
slip lineations. The arrow in the center of the photograph shows
the sense of slip.
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C.I. = 2.0 sigma

Kamb Contour:
Counting Circle Area
Expected Number
Significa nce Level

= 64.3%
= 3.21
= 3 . 0 sigma

Mean Vector:
Trend & Plunge
Length (Max=1.0)
Concentration Factor, k
99% Confidence Cone
95% Confidence Cone
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Fault Plane:
Strike & Dip
Pole to Great Circl e

= S28°W, 55 °WNW
= 35 ° towards S62° E

118 ° , 35 °
0.9855
44.3
14.5 °
10.4°

Figure 11. Average orientation of the Mitten Park fault based
on three-point analysis of its trace. Dots are poles and squares are
mean poles. (a) Equal area stereonet showing the five fault plane
solutions and their poles. (b) Equal area stereonet showing the
Kamb contour plot of poles in (a) as well as the mean vector of the
poles (square). This stereonet shows the correlation between the
mean vector and the maximum concentration of data points. (c)
Equal area stereo of the poles in (a), the mean vector to the poles
(square), and the great circle (S28 °W dipping 55 °WNW) to the
mean vector. The Mitten Park fault has a moderate WNW dip.
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Thirty-five of the data, found predominantly in the footwall less than 50 m from
the main fault, had slickenlines and sense of slip indicators suggestive of
normal slip. At fourteen stations, lineations were not measured.

The fault

related polish showed that the unlineated surfaces were faults, not fractures.
Specifically, these fourteen data points fell into two categories: 1) Several data
were collected from obviously fault-related polished surfaces that did not exhibit
slip lineations; 2} some data were collected from surfaces with slip lineations,
but the lack of exposure precluded the possibility of obtaining the orientation of
the slip lineation.
Geometric analysis of the thirty-three reverse slip data showed two
possible fault orientations: N75 °E dipping 71°SSE (based on the Kamb contour
plot) and N25 °E dipping 30 ° ESE (based on the 1% area contour plot) (Figure
12).

Reverse faults in the Mitten Park fault zone have many different

orientations (Figures 12a and 13a). To determine that the mean vector of the
reverse fault plane is an adequate representation of the maximum
concentration of data and not just an average value for a girdle distribution of
data or of two or more fault sets, the mean vector for this data domain is overlaid
on top of the Kamb contour plot. As can be seen in Figure 12d, the mean vector
does not lie in the area of maximum concentrations for the Kamb contour plot.
Thus, the mean vector does not represent the maximum concentration of data
and probably represents an average value of distinct data domains (Figure
13a). A plot of poles to these faults shows that at least four distinct fault sets are
present (Figure 13a). A Kamb contour plot of these domains was plotted with
the mean vector overlain on top of the Kamb contour plot for each domain
(Figure 13b, c, d, and e). The great circle to each domain's mean vector was
then determined. None of these populations parallel the Mitten Park fault itself
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Great
Circle:
N25 ° E
30° ESE

Great
Circle:
N75° E
71 °SSE
N = 33 C.I. = 2.0 sigma
Figure 12. Stereonet analysis of reverse fault data. Symbols
as in Figure 11. Equal area stereonets showing the fault planes (a)
and their poles (b). (c) Equal area stereonet showing the Kamb
contour plot of data in (b). The great circle is the derived fault
plane solution. (d) Equal area stereonet showing the mean vector
of data in (b) which plunges 59.8 ° towards N64.3 ° W. The great
circle is the derived fault plane solution.
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Figure 13. Stereonet analysis of reverse fault data domains.
Symbols as in Figure 11. Equal area stereonets showing poles to
the fault planes and their domains (a).
Equal area stereonet
showing the Kamb contour plots and mean vectors for domains 1, 2,
3, and 4 which have plunges and trends of 11.5 ° towards S7.8 ° W
(b), 63.6° towards N7.5 ° E (c), 38. 7 ° towards S83.1 °W (d), and 1 1 . 1 °
towards N32.3 ° W (e). The great circles are the derived fault plane
solutions for each domain (b-e).
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(Figures Be and 1 O b-e). Rather, subset 1 has an average strike of N82°W and
dips 79° NNE (Figure 13b), subset 2 has an average strike of S83°E and dips
26 °SSW (Figure 13c), subset 3 has an average strike of N7 °W and dips
51 ° ENE (Figure 13d), and subset 4 has an average strike of N58 ° E and dips
79 ° SE (Figure 13e).

Based on the three-point solution, the strike of the

solutions for domains 1 and 3 most closely approximate the reverse fault plane
solution. Domains 1 and 3 suggest N-S shortening. Domain 2 suggests E-W
shortening. Domain 4 suggests NW-SE shortening, which is closest to the
Mitten Park fault three-point solutions.
By using Fault Kinematics, v.3.2a, computer software by R. W.
Allmendinger, R. A. Marrett, and T. Cladouhos, a kinematic analysis of the thirty
three reverse fault data points was performed and a fault-plane solution was
derived that generates a pseudo focal mechanism (Figure 14). A kinematic
analysis using all thirty-three data points assumes that the reverse faults all
formed under the same stress regime. A plot of the faults and their striae was
created (Figure 14a). Kinematic analysis of the four fault populations and the
associated slickenlines suggest an overall NNW-SSE shortening direction
(Figure 14b). A fault plane solution was derived that suggests two possible
nodal planes: a plane that strikes N62.3°E and dips 42.4 °SSE and a plane that
strikes S69.7 °W and dips 47.9 ° NNW. The second nodal plane solution that
strikes S69. 7 °W and dips 47.9 ° NNW seems more reasonable in light of the
three-point solution. A P-Axis scatter plot for each fault, and a Kamb contour
plot of these P-axis were then created (Figure 14c and d). These results are
consistent with the geometry and stratigraphic relations across the Mitten Park
fault, but indicate a small component of right oblique sense of slip across the
fault.
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Figure 14. Kinematic analysis of reverse fault data . Symbols
as in Figure 11. (a) Equal area stereonet plot of fault and striae.
(b) Equal area stereonet of fault plane solution. The fault plane
solution is derived from data in (a). The two nodal planes (N62.3°E
dipping
42.4°SSE and S69.7°W dipping
47.9°NNW),
separate
areas of compression (dark) and extension (light).
The P-axis is
nearly horizon t al, plun g ing 2.7° towar ds N23.8°W, an d t he T-ax is is
subvertical,
plunging
85.4° towards S29.3°W.
(c)
Equal area
Stereonet scatter plot of the P-axis data.
(d)
Equal angle
Stereonet of Kamb contour plot of the P-axis data.
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Geometric analysis of the thirty-five normal slip data was also performed
and showed two possible normal fault orientations:

N31 ° E dipping 57° SE

(based on the Kamb contour plot) and N43° E dipping 37°SE (based on the 1%
area contour plot) (Figure 15). Normal faults in the Mitten Park fault zone have
many different orientations (Figures 12a and 13a). To determine if the mean
vector of the normal fault plane is an adequate representation of the maximum
concentration of data and not just an average value for a girdle distribution of
data or of two or more fault sets, the mean vector for this data domain is overlaid
on top of the Kamb contour plot. As can be seen in Figure 15c, the mean vector
lies in the outer area of maximum deviation from standard distribution (i.e., in
the area of maximum concentration) for the Kamb contour plot. Therefore, the
mean vector roughly approximates the maximum concentration and can
possibly be used to represent these data. However, a better fit results from
separating the data into two domains (Figure 16a). A plot of poles to these
normal faults shows that at least two distinct fault sets are present (Figure 16a).
A Kamb contour plot of these domains was plotted with the mean vector
overlain on top of the Kamb contour plot for each domain (Figures 13b and c).
The great circle to each domain's mean vector was then determined. Both of
these populations approximately parallel the Mitten Park fault itself (Figures Sc
and 13b and c). Subset 1 has an average strike of N36 °E and dips 56 °SE
(Figure 16b) and subset 2 has an average strike of S24 °W and dips 57° WNW
(Figure 16c). Both solutions suggest NW-SE directed extension.
A kinematic analysis of the thirty-five normal fault data points was
performed and a fault plane solution was derived which generates a pseudo
focal mechanism (Figure 17). A kinematic analysis using all thirty-five normal
fault data points assumes that the normal faults all formed under the same
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Figure 15. Stereonet analysis of normal fault data. Symbols
as in Figure 11. The upper two equal area stereonets show the
fault planes (a) and their poles (b).
(c)
Equal area stereone:
sh owing the mean vecto r and th e Kamb contou r plo t of po les in ( b).
(d) Equal area steronet showing the mean vector and the 1% arec
contour plot of the poles in (b). The mean vector plunges 52.9 '
towards N48.0°W.
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Figure 16. Stereonet analysis of normal fault data domains .
Symbols as in Figure 11. Equal area stereonets showing
domains
(a).
Equal area stereonet showing the Kamb contour plots and
mean vectors for domains 1 and 2 which have plunges and trends
of 33.9° towards N53.9°W (b) and 33.1 ° towards S65.8°E (c).
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Figure 17. Kinematic analysis of normal fault data. Symbols
as in Figure 11. (a) Equal area stereonet plot of fault and striae.
(b) Equal area stereonet of fault plane solution. The fault plane
solution shows two nodal planes ( S26. 7°W dipping 41.3°WNW and
N41.6°E dipping
49.6°SE),
areas of compression
(dark)
and
extension (light ). The P-axis is subvertical , plunging 81.4° towards
N5.5°E, and the T-Axis is nearly horizontal,
plunging 4.2° towards
S55.3°E. (c) Equal area stereonet scatter plot of the P-Axis data.
(d) Equal angle stereonet of Kamb contour plot of the P-Axis data,
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stress regime. A plot of the faults and their striae was created (Figure 17a).
Kinematic analysis of the two fault populations and their associated slickenlines
suggest an overall NW-SE extension direction (Figure 17b).

A fault plane

solution was derived that suggests two possible nodal planes: a plane that
strikes S26.7 °W and dips 41.3°WNW and a plane that stikes N41.6° E and dips
49.6 ° SE (Figure 17b). A P-Axis scatter plot, for each fault, and a Kamb contour
plot of these P-Axis were then created (Figure 17c and d). These results are
consistent with the geometry and stratigraphic relations across the Mitten Park
fault, but indicate a slight oblique sense of slip across the fault.
A geometric analysis of the fourteen data points that had no slip
lineations was also performed. Plots of the fault planes, a rose diagram of the
fault planes, and Kamb and 1% area contour plots of the poles to fault planes
were created (Figure 18a, b, c, and d). The rose diagram suggests a SW-NE
strike orientation for the faults without slip lineations (Figure 18b). This is nearly
parallel to the Mitten Park fault itself (Figure 11c and 15b).
Results

Three-point problem analysis of the Mitten Park fault suggests a fault
(mean) that strikes S28 °W and dips 55 °WNW with some variability of strike and
dip along strike.

Stereonet analysis of small reverse faults, based on the

maximum concentration in the Kamb contour plot, suggests a reverse slip fault
that strikes N75 ° E and dips 71° SSE and, based on the mean vector, suggests a
reverse slip fault that strikes N25 ° E and dips 30 ° ESE. It can be clearly seen in
Figure 12 that the mean vector does not correlate with the Kamb contour plot
maximum concentration.

Therefore, the mean vector solution should be

discounted and probably does not reflect the true nature of the Mitten Park fault.
However, a kinematic inversion analysis, which assumes the four subsets
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Figure 18.
Stereonet analysis of fault data without slip
lineations. Symbols as in Figure 11. (a)
Equal area stereonet
showing the fault planes and permissible P-Axis orientations
(darkly stippled) and T-Axis (lightly stippled). (b) Equal a rea
stereonet showing the rose diagram of the fault planes. (c) Equal
area stereonet of the Kamb contour plot of poles to the faults. (d)
Equal area stereonet of the 1 % area contour plot of poles to the
faults.
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formed simultaneously, suggests two nodal planes: nodal plane one that strikes
N62.3°E and dips 42.4 °SSE and nodal plane two that strikes S69.?0W and dips
47.9 °NNW. The kinematic inversion analysis also suggests a subhorizontal to
horizontal P-Axis trending NW-SE and a near-vertical to vertical T-Axis.
There are two similarities in the results of the analysis of reverse fault
data. First, the second nodal plane (strikes S69.7 ° W and dips 47.9 ° NNW) from
the kinematic inversion analysis of the small reverse faults correlates
reasonably well with the fault solution derived from the three-point problem
analysis (S28 ° W and dips 55°WNW). Second, the first nodal plane (strikes
N62.3° E and dips 42.4 ° SSE) from the kinematic inversion analysis of small
reverse faults correlates well with and lies between the fault solutions derived
from the Kamb contour plot (strikes N75° E and dips 71 ° SSE) and mean vector
plot (strikes N25° E and dips 30° ESE) stereonet analysis.
Based on field evidence and the overall structure of the Mitten Park fault,
the orientation of the reverse fault is best described by the second nodal plane
solution from the kinematic inversion analysis of small reverse faults. Therefore,
the Mitten Park fault strikes S69.7 ° W and dips 47.9° NNW, and has a horizontal
to subhorizontal P-Axis orientation that trends NW-SE, and a near-vertical to
vertical T-Axis orientation. Additional shortening is accommodated by antithetic
faulting that strikes N62.3°E and dips 42.4°SSE as suggested by the first nodal
plane solution from the kinematic inversion analysis of small reverse faults.
This geometry produces NW-SE directed shortening that can be used for map
and cross-sectional control. Finally, assuming that the P-axis is roughly parallel
to 0 1 and that the T-axis is roughly parallel to 03, this geometry suggests a sub
horizontal to horizontal NW-SE directed 01, a near-vertical to vertical 03, and a
subhorizontal to horizontal NE-SW directed 0 2.
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Stereonet analysis, based on the maximum concentration in the Kamo
contour plot, suggests a normal slip fault population that strikes N31 °E and dips
57°SE. Stereonet analysis, based on the mean vector, suggests a normal slip
fault population that strikes N43°E and dips 37°SE. It can be clearly seen in
Figure 15c that the mean vector roughly correlates with the Kamb contour plot
maximum concentration and lies on the contact between the nine and eleven
deviation contours from standard distribution.

Therefore, the mean vecto'

solution probably approximates the faulting found in the footwall of the Mitten
Park fault.

Kinematic inversion analysis suggests two nodal planes: nodal

plane one that strikes S26. 7 °W and dips 41.3°WNW and nodal plane two tha:
strikes N41.6° E and dips 49.6°SE.

The kinematic inversion analysis also

suggests a horizontal to subhorizontal T-Axis trending NW-SE and a near
vertical to vertical P-Axis.
There is one strong similarity in the results of the analysis of normal fault
data. The second nodal plane solution (strikes N41.6°E and dips 49.6°SE) from
the kinematic inversion analysis of small normal fau Its is similar to and lies
between the fault solutions derived from the Kamb contour plot (strikes N31 ° E
and dips 57°SE) and mean vector (strikes N43°E and dips 37°SE) stereonet
analysis of small normal faults. As can be seen in Figure 17, the first nodal
plane solution (strikes S26. 7 °W and dips 41.3°WNW) does not represent the
majority of the data and is probably a theoretically derived solution by the
software.
Based on field evidence, the data, and the overall structure of the Mitten
Park fault, the orientation of the normal fault population found in the footwall of
the Mitten Park fault, are best described by the second nodal plane solution
from the kinematic inversion. Therefore, the footwall exhibits a normal slip lying
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,....

Horizontal
shortening due to
normal faulting of
the steep limb

Figure 19. Normal faulting in an overturned footwall causing
shortening. The above diagram shows how a normal fault that cuts
across an overturned limb can cause shortening. Theoretically, the
normal fault-derived shortening could be in either the hanging wall
or the footwall of the Mitten Park fault. In this study it is more
probable that the shortening is exhibited in the footwall.
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between azimuths of 0 and 10 . This orientation would allow for a horizontal to
°

°

subhorizontal P-Axis trending NW-SE and a near-vertical to vertical T-Axis.
Discussion
The Mitten Park fault is a moderately dipping reverse fault that, based on
kinematic analysis, strikes S69.7° W and dips 47.9 ° NNW while results from
three-point problems suggest a strike of S28 ° W and dip of 55 °WNW. There is a
fault data population that is expressed as a normal fault that strikes N41.6° E
and dips 49.6°SE. These faults are found in the footwall of the Mitten Park fault.
The Mitten Park fault has a subhorizontal to horizontal NW-SE oriented
P-Axis and cr1 and a near-vertical to vertical T-Axis and cr3, whereas the normal
faulting has a subhorizontal to horizontal NW-SE oriented T-Axis and cr3 and a
near-vertical to vertical P-Axis cr1. The near-vertical to vertical P-Axis and cr1
orientation derived from the normal faulting may be a local vertical compressive
stress.
The shift in stress orientation gives insight into the probable timing of fault
events. It is likely that the Mitten Park fault first occurred and created the fault
data with reverse slip lineations and, concurrently, produced the fault data with
no slip lineations. This event was closely followed by further shortening that
produced the normal faulting and its associated fault data exhibiting normal slip.
Another possibility would be the simultaneous formation of both the reverse and
the normal fault slip lineations.
FOLD ANALYSIS
Folds are present in both the footwall and hanging wall of the Mitten Park
fault and they continue laterally past the surface terminus of the fault trace. In
order to compare these folds to folds in the region, it is important to
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geometrically characterize the folding and to determine the style of folding.
Strikes and dips of bedding gathered in the field were analyzed to give insight
into the geometry of folding and to quantify the total amount of strain that was
accommodated by folding. Fold analysis yields approximate interlimb angles
that can be used for cross-sectional control.

Fold analysis also yields a

principal shortening orientation that can be used for kinematic control. Lastly,
by assuming that the orientation of maximum shortening is similar to the
orientation of the maximum principal stress, an orientation of the stress field that
caused the folding can be inferred.
Methods
The bedding orientation (fold data set) was collected over a large area
and is divided into nine domains for analysis (Figure 20).

Subdivision was

based on geographical position and structural position, either in the footwall or
the hanging wall of the fault. Division of the data using geographical position
criteria created four domains; from west to east these are Western Edge,
Harpers Corner, Mitten Park, and Steamboat Rock.

Each domain in the

hanging wall corresponds to one in the footwall, except for the Steamboat Rock
domain. This domain was subdivided into east and west portions because of
the differences in bedding orientation and resultant fold geometries. Analytical
procedures were similar for all nine data domains. The best-fit cylindrical and
best-fit conical fold axis were determined using Stereonet, v.4.5.2a.
Examination of the results of both cylindrical and conical fold shapes
allows for a geometrical characterization of the folding and a description of the
probable type of folding; the trend and plunge of the fold axis (cylindrical fold
shapes) or cone axis (conical fold shapes) can be determined. Each domain
can be further subdivided into domains of similar dip, which are based on the

46

1 km=3,280'

Steamboat Rock
hanging wall

Western
Edge
a nticline

Western
Edge
syncline

Figure 20. Field area fold analysis subdivision. The field
area is broken into nine distinct domains based on geographic and
structural position.
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deviation from regional dip, in order to distinguish the fold limbs and to separate
individual limb data from the total fold data set. These histograms allow for a
statistically based division of limbs and limb data. Mean vectors of the poles to
bedding for each limb were calculated and compared to a Kamb contour plot
and a 1% Area contour plot, which provides a check to ensure that the mean
vector for each limb represents the maximum concentration of dip data and not
an artificial concentration in the form of an average.

The 95th percentile

confidence cones for the poles to each limb have been determined to provide
estimates of allowable errors in the folds' geometry depicted on cross sections.
Finally, the interlimb angle between the two fold limbs was determined.
To demonstrate this analytical technique, the analysis of the Steamboat
Rock hanging wall data domain will be discussed and illustrated.

By using

Stereonet v. 4.5.2a, cylindrical and conical fold models were used to determine
possible fold axis orientation (see Figure 21 ). The cylindrical fold model yields
a fold axis that plunges 11° towards S35 °W and the conical fold model yields a
cone axis that plunges 58 ° towards N29 ° W with a half-apical cone angle of 18 ° .
As can be seen in Figure 21, a cylindrical fold model fits the bedding data better
than a conical fold model because the conical fold model yields a steep,
northwest-plunging fold, which is clearly at odds with the map pattern (Plate 1 ).
Based on the overall northeast-southwest trend of the structures found in the
area, it is apparent that the conical fold model does not accurately describe the
folding. Therefore, the folding found in the Steamboat Rock hanging wall
portion of the area can be described as a cylindrical fold having a fold axis that
plunges 11 ° towards S35 °W; it cannot be adequately described as a conical
fold. The same type of analysis has been performed in the other eight domains
with similar results (see Appendix);

folding in the area can be adequately
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Figure 21. Equal area stereonet plots of poles to bedding
and cylindrical and conical best fits for the folds in the Steamboat
Rock hanging wall domain. Symbols as in Figure 11. (a) Plot of
poles to bedding. (b) Cylindrical fold model fold axis that plunges
11° towards S35° W. (c) Conical fold model cone axis that plunges
58 ° towards N29 ° W with a half-apical angle of 18 ° .
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described using a cylindrical fold model and conical fold models produce
solutions that do not correlate with the map pattern.
Rotation histograms were created based on the deviation from regional
dip. The regional dip was inferred to be less than 3° based on dip data from the
northeastern edge of the study area. Hansen (1977a) reported a dip of 4 ° in the
Permian Park City Formation on Jenny Lind Rock. I measured dips between 0 °
and 6 ° in the Pennsylvanian Weber Formation in Echo Park at the base of
Jenny Lind Rock. In each domain, two rotation (or deviation from regional dip)
histograms were produced based on 5 ° and 10 ° increments of rotation (see
Figure 22a and b).

These histograms show the deviation of local bedding

attitudes from the regional subhorizontal dip (less than 3 °). Histograms based
on the dip angle alone could lead to erroneous conclusions. If the histograms
were based on the amount of the dip angle only, then a bedding plane that
strikes N45 ° E and dips 75 ° SE would fall into the same category as an
overturned bedding plane that strikes of S45 ° W and dips 75 ° NW even though
they had undergone significantly different amounts of rotation, i.e., 75 ° as
opposed to 115 °, respectively, from the regional dip.

I show the amount of

angular rotation in the dips from the region in 5 ° and 10 ° intervals. The 5 °
increment histogram shows two distinct maxima in limb rotation which
correspond to a shallow and a steep fold limb with a division at approximately
30 ° of rotation. The shallow limb dips approximately 22 ° (20 °-24° ) and the
steep limb dips approximately 37 ° (35 °-39 °). In this domain, the 10 ° increment
histogram does not show this separation because of the lower resolution.
Based on the break at 30 ° of rotation, the total data set for Steamboat
Rock hanging wall was divided at 30 ° into two domains: a shallow limb and a
steep limb. This allows for the calculation of mean vectors for each limb (Figure

50

a

3------�

0
0

0
0

I

0

b
4

0)
0

I

LO

0

"'-t"

T"""
I
0

0
T"""

0

CJ)

T"""
I
0

LO

T"""

v

0

0

C\J
I

�I

@

LO
N

0

0

v
0

Ct)
0

I

0

Ct)

0

CJ)
Ct)
0

I

LO

Ct)

0

�I

0

5?f
I

0

0

�

�

0

�I

0

�

0

fR
t8

0° -9 ° 10 ° -19 ° 20 °-29 ° 30 °-39 ° 40 °-49 ° 50 ° -59 ° 60 °-69 °
Figure 22.
Rotation histograms for the Steamboat Rock
hanging wall domain in 5 ° and 10 ° increments. The 5 ° increment
histogram (a) shows the bipolar separation of data at or around 30 °
of rotation, whereas the 10 ° increment histogram (b) loses this
bipolar separation due to its lower resolution.
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23). The shallow limb has a mean vector for the poles to bedding that plunges
73.0° towards N23.2 ° W with a 95% confidence cone of 5.7 °. The steep limb
has a mean vector for the poles to bedding that plunges 49.2 ° towards N39.3 ° W
with a 95% confidence cone of 12.2 °. To verify that the mean vector is an
adequate representation of the maximum concentration of data points, the
mean vectors for both the shallow and steep limbs were overlaid on top of
Kamb contour plot and 1% area contour plots for each limb (Figure 24).

a

b

+

Figure 23. Equal area stereonet plots of the poles to bedding
in the shallow and steep limbs of the Steamboat Rock hanging wall
domain. Symbols as in Figure 11. (a) The shallow limb's mean
vector of poles to bedding plunges 73.0 ° towards N23.2 ° W with a
95% confidence cone of 5.7 ° . (b) The steep limb's mean vector of
poles to bedding plunges 49.2 ° towards N39.3 ° W with a 95%
confidence cone of 2.2 ° .
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Figure 24. Kamb contour plot and 1% area contour plots of
the poles to bedding for the shallow and steep limbs of the
Steamboat Rock hanging wall domain. Symbols as in Figure 11.
(a) Kamb contour plot and mean vector for the shallow limb. (b)
Kamb contour plot and mean vector for the steep limb. (c) 1% area
contour plot and mean vector for the shallow limb. (d) 1% area
contour plot and mean vector for the steep limb. In all four cases,
there is a direct correlation between the maximum concentration of
data points and the mean vectors.
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The mean vector lies in the area of maximum deviation from standard
distribution (i.e., in the area of maximum concentration) for the Kamb contour
plot and is similar to the areas of maximum concentration from the 1% area
contour plot.

Therefore, the mean vector represents the maximum

concentration of limb data and can be used to describe each fold limb. Finally,
the shallow and steep limb mean vectors were plotted with their 95%
confidence cone on an equal-angle stereonet (Figure 25). A great circle that
strikes N43° W and dips 83° NE passes through the center of both mean vectors.
By determining the angle between the two mean vectors along the great circle,
the most probable interlimb angle is 155.2°. By determining the angle between
the great circle intersection and the 95% confidence cones of the mean vector,
the minimum and maximum interlimb angles with 95% confidence are,
respectively, 137.2 ° and 173.0 ° . The interlimb angle for the fold (anticline) in
the Steamboat Rock hanging wall domain is 155.2 °± 18° (137.2 ° -173.2 ° ). This
calculated interlimb angle will be compared to the interlimb angle in the cross
sections of the area. This interlimb angle allows a statistical determination of
the range of the interlimb angle to be made. This range provides an allowable
variation on the dip of rocks shown on the cross sections. Thus, the calculated
interlimb angle from the fold analysis will act as a cross-sectional control.
Results
The analysis discussed above was applied to all nine fold domains. The
results of this analysis are summarized in Figure 26 and are tabulated in the
Appendix. In all cases, cylindrical fold models best describe the fold shapes.
An illustration of the fold axis orientation and the principal shortening direction
(used for kinematic control in the cross sections), based on the assumption that
the fold axis is- perpendicular to the principal shortening direction, for the nine
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lnterlimb angle plot for the Steamboat Rock
Figure 25.
hanging wall domain. Symbols as in Figure 11. This equal angle
stereonet was used to determine the interlimb angles between the
shallow and steep limbs. The great circle that strikes N47 ° W and
dips 83 ° NE passes through the mean vector of the poles to bedding
for the shallow and steep limbs. The interlimb angle X (155.2 ° )
was determined by measuring directly along the great circle from
mean vector to mean vector.
The smallest, Y,
interlimb angle
(137.2 ° ) was determined by measuring from the outer intersections
of the 95% confidence cones with the great circle and the largest,
Z, interlimb angle (173.0 ° ) was determined by measuring from the
inner intersections of the 95% confidence cones with the great
circle.

Figure 26.
Fold axis trends and principal shortening
directions for the nine fold data domains. The thick arrows indicate
the principal shortening directions, lines separating the arro111s
represent the trends of fold axis and numerical angles are of fold
axis plunges and trends.
lnterlimb angles are shown in
parenthesis.

55

1 km=3,280'

12 ° , S4D°W
(130. 7°±27.4° )

/

�1;1±3.7 ° )
�4'Z'W

Harpers
Corner
Over1ook

56
fold data domains can be seen in Figure 26. Based on the assumption that the
principal shortening direction correlates with the maximum principal stress, the
principal shortening directions (Figure 26) illustrate the stress field causal to
folding.
The plunges of the fold axis in the hanging wall, including the Western
Edge anticline, vary in plunge from 11° to 26° and vary in trend from S24° W to
S35° W.

The east and west boundaries, the Western Edge anticline and

Steamboat Rock hanging wall, have a similar southwest trend. In the central
portion of the area, Harpers Corner hanging wall and Mitten Park hanging wall,
the trend has a more southerly orientation. The steepest plunge, 26° , can be
found on the western boundary and may result from increased strain
accommodation at the fault tip by folding and less strain accommodation by fault
slip. In the hanging wall, the fold axes have a shallow plunge from 11° to 26°
and a southwesterly trend from S24 °W to S35 °W.
The trends and plunges of folds in the footwall of the Mitten Park reverse
fault vary more than in the hanging wall. Fold axis plunges vary from 4° to 54°
and trends vary from S10 °W to S87° W. Moving from east to west, fold axis are
very shallowly plunging (4 ° ) and trends are westerly in the Steamboat Rock
footwall east (S87 ° W) and Steamboat Rock footwall west (S71° W).

In the

Mitten Park footwall, the major variance in plunge and trend orientation occurs,
the plunge is moderately steep (54 °), and the trend is southerly (S10 °W). In the
Harpers Corner footwall and the Western Edge syncline, the fold axis plunges
shallowly to southwest 12 ° and 11 ° , respectively, and trend is south
southwesterly S40 ° W and S42° W, respectively.
The westerly trends found in the eastern areas probably represent an
inherited orientation from the transition between the northwest-southeast
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directed shortening in the Mitten Park area to the more north-south directed
shortening in the Warm Springs monocline to the east. The western areas
provide fold axis trends that closely mimic the general southwest-northeast
strike of the Mitten Park fault.
lnterlimb angles in the hanging wall, including the Western Edge
anticline, vary from 97.5°± 10.6 to 155.2 ° ± 18.0 ° . The largest interlimb angles
are found at the western boundary Western Edge anticline (116.7 ° ± 28.2 °) and
the eastern boundary Steamboat Rock hanging wall (155.2 ° ± 18.0 °).

The

smallest interlimb angles are found in the central areas at Harpers Corner
hanging wall (108.9° ± 11.7°) and the Mitten Park hanging wall (97.5 ° ± 10.6°).
The interlimb angle is inversely proportional to total strain; the smallest interlimb
angles are exhibited where total strain accommodation is the largest in the
center of the fault trace.
lnterlimb angles in the footwall, including the Western Edge syncline,
vary from 95.4 ° ± 20.8° to 151.9° ± 9.3°. The largest interlimb angles are found
at the eastern boundary Steamboat Rock footwall east (151.9° ± 9.3° ) and the
western boundary Western Edge syncline (127.1 ° ± 3.7 ° ).

The smallest

interlimb angles are found in the central areas at Harpers Corner footwall
(116.3 ° ± 24.2 ° ), Mitten Park footwall (104.8 ° ± 32.3 °), and Steamboat Rock
footwall west (95.4° ± 20.8 °). The interlimb angle is inversely proportional to
total strain; the smallest interlimb angles are exhibited where total strain
accommodation is the largest in the center of the Mitten Park fault.
These folds are all open or gentle folds according to the classification of
Marshak and Mitra (1988). The gentle folds are the Steamboat Rock hanging
wall (155.2°±18.0 ° ), the Steamboat Rock footwall east (151.9 °±9.3 °), and the
Western Edge syncline (127.1°±3.7 °). The open folds are the Western Edge
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Anticline (116.7 ±28.2 ), Harpers Corner hanging wall (108.9 ±11.7 ), Mitten
°

°

°

°

Park hanging wall (97.5°±10.6° ), Harpers Corner footwall (116.3°±24.2° ), Mitten
Park footwall (104.8° ±32.3 ° ), and the Steamboat Rock footwall west
(95.4 °±20.8°).
FRACTURE ANALYSIS
To accurately describe the structural setting and the associated
deformation of the Mitten Park fault, it is necessary to characterize the fracturing
found in the project area. Fractures are present throughout the study area in the
hanging wall, the fault zone, and the footwall of the Mitten Park fault. Fractures
are particularly well exposed in competent formations such as the sandstones
of the Pennsylvanian Weber Formation, the sandstone interbedded with
limestone of the Upper Morgan Formation, and the sandstone interbedded with
limestone and dolostone of the Permian Park City Formation.

Field

observations qualitatively suggest that fracture intensity increases with proximity
to the Mitten Park fault. Data that were gathered in the field were analyzed to
give insight into the geometry of the fracturing. Fracture analysis also yields an
approximate orientation for crHmax (maximum horizontal stress) that can be
used for kinematic control and compared to the stress field orientation derived
from other analyses.
Methods
The fractures are divided into three domains for analysis. Subdivision
was based on geographical position and structural position, that is, in the
hanging wall, the fault zone, or the footwall of the Mitten Park fault. Division of
the data using these two criteria allowed for the creation of six fracture data
domains (Figure 27). Division of the data using geographical position criteria

Figure 27.
Fracture analysis domains.
The field area is
broken into six distinct domains, based on geographic and
structural position. These domains are Harpers Corner hanging
wall, Mitten Park hanging wall, fault zone fractures, proximal
footwall, mid-distant footwall, and distant footwall.
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created two domains of the hanging wall fractures; from west to east, these are
Harpers Corner hanging-wall fractures and Mitten Park hanging-wall fractures.
Fault zone fractures are found in the immediate vicinity of the fault zone and
show no sign of slip. Division of the data using geographical position criteria
created three domains of the footwall fractures. From northwest to southeast,
these are proximal fractures, mid-distant fractures, and distant fractures.
Proximal fractures are those fractures not part of the immediate fault zone out to
152 m (500 feet) from the fault zone measured perpendicular to the Mitten Park
fault trace. Fractures between 152 m (500 feet) and 1158 m (3800 feet) from the
fault are mid-distant fractures. All fractures greater than 1158 m (3800 feet)
distant from the fault are distant fractures.
Analytical procedures were similar for all six data domains. Plots of the
poles to fractures, Kamb contour plots, 1 % Area contour plot plots, and rose
diagrams of the fracture planes were created (Figures 25-30). The orientation
of the stress field is inferred by assuming that 0'Hmax correlates with the plane
of the Mode I fractures, and thus with the maximum concentration of fractures:
The largest petal on the rose diagram approximates the azimuth of crHmaxResults
Fractures in the Harpers Corner hanging wall domain show a maximum
concentration of strike between N60° W and N70° W (Figure 28b). Fractures in
the Mitten Park hanging wall domain show a maximum concentration of strike
between S80° W and S90 ° W (Figure 29b). Therefore, orientations for crH max,
derived from fractures in the hanging wall (Harpers Corner and Mitten Park
domains), are roughly similar and suggest that the crHmax lies between S80 ° W
and N60 °W.
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Fractures in the Harpers Corner hanging wall
Figure 28.
domain. (a) Plot of poles to fracture planes. (b) Rose diagram
showing the strikes of fractures and the inferred orientation of
aHmax (295 <). (c) Kamb contour plot of the fracture data in (a).
(d) 1% Area contour plot of the fracture data in (a).
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Figure 29. Fractures in the Mitten Park hanging wall domain.
(a) Plot of poles to fracture planes. (b) Rose diagram showing the
strikes of fractures and the inferred orientation of aHmax (265 ° ).
(c) Kamb contour plot of the fracture data in (a). (d) 1% Area
contour plot of the fracture data in (a).
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Figure 30. Fractures in the Fault Zone domain. (a) Plot of
poles to fracture planes. (b) Rose diagram showing the strikes of
fractures and the inferred orientation of oHmax (55 ° ). (c) Kamb
contour plot of the fracture data in (a). (d) 1% Area contour plot of
the fracture data in (a).
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Figure 31. Fractures in the proximal footwall domain. (a)
Plot of poles to fracture planes. (b) Rose diagram showing the
strikes of fractures and the inferred orientation of oHma x (325 ° ).
(d)1% Area
(c) Kamb contour plot of the fracture data in (a).
contour plot of the fracture data in (a).

65

a
Equal Area

___...:

·<

rl-

- •

b

. •-..--.•

-a-:-,....

•• •

,.

�)

•••

•+

•

..)

•
•:, •.;

·�........ .. -.�, .. .�.......
--,-·--�
�

�

�max

d

Kamb Contour
Counting Circle Area
Expected Number
Significance Level

Rose Diagram of strikes of Planes
Size of largest petal is 15% between
azimuths N40°W and N50°W

= 7.9%
= 8.29
= 3.0 sigma

Figure 32. Fractures in the mid-distant footwall domain. (a)
Plot of poles to fracture planes. (b)
Rose diagram showing the
strikes of fractures and the inferred orientation of CJHmax (315 °).
(c) Kamb contour plot of the fracture data in (a).
(d)
1% Area
contour plot of the fracture data in (a).
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Figure 33. Fractures in the distant footwall domain. (a) Plot
of poles to fracture planes. (b) Rose diagram showing the strikes
of fractures and the inferred orientation of oHmax (135 °). (c) Kamb
contour plot of the fracture data in (a). (d) 1% Area contour plot of
the fracture d�ta in (a).
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Fractures in the fault zone domain show a maximum concentration of
strike between N50 ° E and N60° E (Figure 30b). For ease of comparison, the
orientation will be considered to be S50 ° W to S60 ° W. Fractures in the fault
zone domain suggest that the crHmax lies between S50° W and S60° W. This is
significantly different from the orientation of the strikes of fractures in the
hanging wall and footwall. This variation could be the result of intrafault rotation
of fault-zone blocks or from fractures oriented to local stress fields.
Fractures in the proximal footwall domain show a maximum
concentration of strike between N30 ° W and N40 ° W (Figure 31b). Fractures in
the mid-distant footwall domain show a maximum concentration of strike
between N40 ° W and N50 ° W (Figure 32b).

Finally, fractures in the distant

footwall domain show a maximum concentration of strike between S40 ° E
(N40 ° W) and S50°E (N50° W) (Figure 33b).

Therefore, orientations for crHmax,

derived from fractures in the footwall (proximal footwall, mid-distant footwall,
and distant footwall domains), are similar, exhibiting very little variation, and
suggest that the crHmax lies between N30 ° W and N50° W.
Comparison to foreland fractures
Fractures found in the Bighorn Mountain Front caused by Laramide
basement deformation suggest a sub-horizontal to horizontal NE-SW crH max
with an azimuth orientation varying from S14° W to S63 ° W and plunging both to
the northeast and to the southwest (Wise and Obe, 1992).

The authors

postulate that these fractures result from a "sustained tectonic compression
acting subhorizontally along a N25 ° E-S25 ° W trend" (Wise and Obe, 1992, p.
1598).

In the Wind River Range, fracture data support a subhorizontal to

horizontal NE-SW crHmax with a possibly significant subsidiary subhorizontal to
horizontal NW-SE orientation for cr2 (Evans and others, 1993).
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Comparisons can be made between fractures in the foreland (regional)
and fractures found in the Mitten Park study area. In the study area, fractures in
the footwall and hanging wall suggest a subhorizontal to horizontal NW-SE
crH max, which is significantly different from the regional orientation of NE-SW
crHmax as derived from fractures in the Bighorn Mountain Front and the Wind
River Range and from the N-S crHmax inferred from the E-W trend of the Uinta
Mountains (Wise and Obe, 1992; Evans and others, 1993). In the study area,
fractures in the hanging wall domains suggest a NW-SE, subhorizontal to
horizontal crHmax oriented between S80 °W and N60 °W, indicating a local
rotation of the regional stress field about a vertical axis of 85 °-125° in a counter
clockwise direction or 55 °-95 ° in a clockwise direction.

In the study area,

fractures in the footwall domains suggest a NW-SE, subhorizontal to horizontal
crHmax oriented between N30 °W and N50 °W, indicating a local rotation of the
regional stress field about a vertical axis of 55 °-75 ° in a counterclockwise
direction or 85 °-125 ° in a clockwise direction. In the study area, fractures in the
fault zone domain suggest a NW-SE, subhorizontal to horizontal crH m a x
oriented between S50 °W and S60 °W, indicating a local rotation of the regional
stress field about a vertical axis of 145 ° -155 ° in a counterclockwise direction or
25 °-35 ° in a clockwise direction.
Comparison to major faults in the area
There are two major faults in the immediate vicinity of the Mitten Park
fault: the Island Park thrust fault and the Yampa thrust fault (Hansen and others,
1983). The Yampa thrust fault has an E-W fault trace, suggesting N-S directed
shortening. The Island Park thrust fault has a SW-NE fault trace, and may be a
forethrust beneath the Mitten Park fault,

suggesting NW-SE directed
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shortening. The inferred crHmax orientation correlates with the Island Park
thrust fault and does not correlate with the Yampa thrust fault.

CROSS SECTIONS
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Three cross sections (Plates 2-4) were drawn to show the present
structure of the Mitten Park fault-fold structure, the development of the Mitten
Park fault, the development of an anticline-syncline pair, and the bulk strain
accommodation in the study area. Cross-section locations are shown on Plate
1.

The cross sections are parallel to the principal shortening direction as

inferred by the orientation of the fault trace, the fold axes, and subsidiary fault
data;

cross sections were drawn approximately perpendicular to the Mitten

Park fault trace.

No subsurface data were available for cross-sectional

construction. The cross sections were constrained by surface contacts and
strike and dip data and were constructed assuming a kink geometry for the folds
and standard techniques (Woodward and others, 1985).
METHODS
The strike of the bedding was not always perpendicular to the orientation
of the cross section, which required the calculation of an apparent dip for each
bedding orientation. Apparent dips were calculated using the method of Dennis
(1987). The angular difference between the orientation of the cross section and
the strike of a data point was calculated. This angular difference and the true
dip were used in a nomogram to calculate the apparent dip (Dennis, 1987).
The apparent dips were then used to define dip domains, areas of similar
apparent dip, in the construction of the cross section. All cross sections (Plates
2-4) are drawn to a scale of 1 cm= 120 m (1 inch= 1,000 feet) with no vertical
or horizontal exaggeration.
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Constrained by the surface contacts and apparent dips, axial surfaces

were placed between apparent dip control points so that an area-balanced
cross section could be created.

The cross sections are based on bedrock

geology and all Holocene and Pleistocene overburden surface exposures were
removed before construction began. The procedure of cross-section balancing
has become popular in recent years as a means of helping to analyze and
improve cross-sections by permitting geologists to test the validity of the
structural geometry portrayed on a cross section (Marshak and Mitra, 1988). A
balanced cross section can be restored to the undeformed state such that bed
lengths and/or area are conserved (Marshak and Mitra, 1988). For area to be
conserved, the restored area of a thrust sheet must correspond to the deformed
state area of the thrust sheet (Marshak and Mitra, 1988).

A balanced cross

section is an interpretation and is possibly correct, whereas a cross section that
does not balance is probably wrong (Marshak and Mitra, 1988).
A dip domain is separated from its adjacent dip domains by an axial
surface and associated fold hinge. These axial surfaces are assumed to bisect
the fold defined by the two adjacent dip domains. Axial surfaces are drawn to
exactly divide the interlimb-angle, the angle separating the two dip domains, in
half. In the absence of any other constraints, this method provides a valid "first
pass" at balanced cross-section construction.
Pin lines are reference lines in cross sections used to show how much
shortening occurred in the area.

Pin lines were established for each cross

section so that strain calculations could be made. The scale of this project
precludes the use of a regional pin line, which should lie in a regionally
undeformed area such as an undeformed foreland in front of a thrust belt
(Marshak and Mitra, 1988).

Instead, I use local pin lines for these cross

sections.
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Local pin lines are drawn perpendicular to bedding in the least

deformed part of a thrust sheet (Marshak and Mitra, 1988). The use of local pin
lines assumes that they are placed where there has been no interbed slip and
there is the most complete stratigraphic section (Marshak and Mitra, 1988). In
the study area, the pin lines were located at places of uniform apparent dip.
The correlation of pin lines from one cross section to another would allow for the
direct comparison of shortening values but, this type of correlation, requiring
volume balancing, would be extremely difficult and is outside the scope of this
research. Instead, pin lines were located individually for each cross section and
a comparison of percent shortening is made between cross sections.
I also use loose lines, which are reference lines in a cross section that
show the intersection of stratigraphic contacts with an axial surface and can be
used to quantify bulk strain in a restored cross section (Marshak and Mitra,
1988).

Loose lines also help examine the admissibility of a cross section.

Sharp bends and/or reversals of dip direction in a loose line are possible in a
restored section, but can point out problems of strain incompatibility in the cross
section.

Several loose lines are shown on each cross section.

Important

interlimb angles discussed in the text are labeled on each cross section. In the
discussion of the cross sections, I refer to points where axial surfaces converge.
These points are labeled on each cross section.
Historically, the term "thick-skinned" has been used to describe deformed
areas when the basement is involved, which is the case in this area, and the
term "thin-skinned" has been used to describe areas where deformation is
confined to the stratified sequence above a nonstratified crystalline basement
(Marshak and Mitra, 1988).

Unlike Precambrian-cored, "thick-skinned"

structures in the Rocky Mountain Foreland Province (Erslev, 1993; Evans and
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others, 1993; McConnell, 1994), the Precambrian rocks in this study area are
bedded and behave in a more "thin-skinned" manner. Thus, the Precambrian
rocks here can both fold and fault, and cross-section construction is made
simpler by this fact.
Three versions of each cross section were created: a cross section that
shows the present topography, a cross section without topography, and a
restored cross section. The cross section showing topography depicts the
present structure and includes the effects of topographic relief, erosion, and the
unconformable stratigraphic deposition of the Tertiary Bishop Conglomerate.
The cross sections without topography depict the deformation immediately
following deformation and have had the effects of erosion and unconformable
deposition removed.

Restored cross sections depict the area before

deformation. Restored cross sections were created by summing the line lengths
of each contact from the northwestern or northern pin line to the southeastern
or southern pin line. The length of each restored cross section, for purposes of
bulk strain measurement, was taken as the average of the shortest and longest
restored line lengths. The contact that was closest in length to this average line
length was used for the calculations of deformed line length.

For example, in

cross section A-A' (Plate 2) the contact between the Cambrian Ladore and
Mississippian Madison formations is closest in length to the restored length of
3,594 m (11,790 feet) and was, therefore, used in the cross section without
topography to calculate a deformed length of 3,179 m (10,430 feet).

The

deformed line length was measured horizontally from the designated contact's
intersection with the southeastern or southern pin line to the designated
contact's intersection with the northwestern or northern pin line.
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Cross section A-A'
Cross section A-A' (Plate 2) has a northwest-southeast orientation
(N58°W or S58° E) and is located approximately 91 m (300 feet) west of the
western terminus of the surface trace of the Mitten Park fault (Plates 1 and 2). In
cross section A-A' the contact between the Cambrian Ladore and Mississippian
Madison formations was used for all length calculations.
Cross section B-B'
Cross section B-B' (Plate 3) is orientated N58° W and is approximately
1,829 m (6,000 feet) northeast of cross section A-A', and cuts directly across the
Mitten Park fault (Plates 1 and 3).

In cross sections B-B', additional axial

surfaces had to be inferred to maintain a uniform apparent dip of bedding
across the fault and these inferred axial surfaces are shown with dashed lines.
The inferred axial surfaces have been eroded and no physical evidence of
these axial surfaces remains.

However, the existence of the dip domains

created by the inferred axial surfaces is strongly suggestive of their presence.
In cross section B-B', the contact between the Mississippian Madison and
Mississippian Doughnut and Humbug formations was used for all length
calculations. The dip slip displacement, heave and throw across the Mitten
Park fault, was measured using the Madison/Doughnut contact.
Cross section C-C'
Cross section C-C' (Plate 4) has a north-south orientation and is
approximately 884 m (2,900 feet) east of the eastern terminus of the surface
trace of the Mitten Park fault (Plates 1 and 4). In cross section C-C', the contact
between the Mississippian Doughnut and Humbug and the Pennsylvanian
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Round Valley formations was used for all length calculations. A major portion of
C-C' lies outside the area that was mapped; therefore, the cross section is
constrained by contacts mapped by Hansen (1977a) and by the projection of
strike and dip data from the study area. Although this construction technique is
valid, the author places less confidence in this cross section.
RESULTS
Cross section A-A'
Cross section A-A' shows an asymmetrically anticline-syncline pair. No
faulting is required at depth to balance the cross section. Hinge point A, 427 m
(1400 feet) southeast of pin line A, is the central convergence point for all
anticlinal axial surfaces and is in the Middle Mississippian Madison Formation.
From the hinge point downward the anticline is a single-hingeline open chevron
fold. The syncline is a gentle fold with interlimb angles of 158 ° and 142°. The
anticline is an open fold with an interlimb angle below hinge point A of 104° . All
shortening and bulk strain can be explained by the fold pair and no at-depth
faulting is required to create an area-balanced and restorable cross section.
Cross section A-A' had a deformed length (If) of 3,179 m (10,430 feet)
and a restored length (10) of 3,594 ± 34 m or 3,594 m ± 0.9% (11,790 ± 110 feet
or 11,790 feet± 0.9%). Thus,
Shortening = (lo - If)/ lo
= (3,594 m - 3,179 m)/ 3,594 m
= (11,790' - 10,430') / 11,790'
= - 11.5%
I n the restored cross section, loose line A' is approximately vertical,
except in the Permian Park City and the Cambrian Lodore formations, which
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suggests the near-absence of simple shear. The Permian Park City Formation
is only 30 m (100 feet) thick and apparent simple shear across it was not
calculated.

The 198 m (650 foot) thick Cambrian Ladore Formation shows

evidence for simple shear in the cross section. A simple shear calculation for
the Cambrian Ladore Formation was made by measuring the angle \JI between
the loose line A' at the Cambrian Ladore Formation and a vertical line :
Simple shear ( y)

= tan \JI
= tan 16°
= 0.287

Loose line #3 is perpendicular to bedding in the deformed state and it is not
completely vertical in the restored cross section.

Specifically, the angle \JI

between loose line #3 and a vertical line is approximately 5° in the
Mississippian Madison and Pennsylvanian Weber formations and 19 ° in the
Cambrian Ladore Formation.

These allow for the following simple shear

calculations:
Simple shear ( y)

= tan \JI
= tan 5°
= 0.087

Simple shear ( y)

= tan \JI
= tan 19°
= 0.344

Cross section B-8 1
Cross section B-B' also shows an asymmetrically folded section with an
anticline-syncline pair cored by the Mitten Park fault. Field exposures of the
Mitten Park fault exhibited a dip of 58 ° . This value correlates reasonably well
with the 55° dip derived from the analysis of three-point problems. The 58 ° dip
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was used in all cross-section constructions. Faulting resulted in 126 m (414
feet) of dip slip, 66 m (216 feet) of fault heave, and 109 m (358 feet) of throw.
Hinge point B1, located 1,006 m (3300 feet) southeast of pin line B, is the
primary convergence point for axial surfaces of the southeastern limb of the
hanging wall anticline and is in the Proterozoic Y Uinta Mountain Group near
the Cambrian Lodore Formation contact. Hinge point B2, located 579 m (1900
feet) southeast of pin line B, is the convergence point for axial surfaces in the
hanging wall anticline and is in the Proterozoic Y Uinta Mountain Group over
914 m (3,000 feet) below the Cambrian Lodore Formation contact. The footwall
syncline is a gentle fold with interlimb angles of 162 ° and 143 °. In the hanging
wall, the interlimb angle varies. The interlimb angle can be as large as 119 °
below hinge point 81 and as small as 79 ° above hinge point 81. The hanging
wall anticline is an open fold with interlimb angles between 119 ° and 79 ° .
Cross section 8-8' had a total deformed length (It) of 2,960 m (9,710 feet)
and a total restored length (1 0) of 3,420± 76 m or 3,420 m± 2.2% (11,220± 250
feet or 11,220 feet± 2.2%). These two values allow for the total shortening to
be:
Total Shortening

= (lo - If)/ lo
= (3,420 m - 2,960 m) I 3,420 m
= (11,220' - 9,710') I 11,220'
= - 13.5%

It is possible to determine shortening localized in the hanging wall
anticline, in the footwall syncline, and that due to the Mitten Park fault. By using
the Mississippian Doughnut and Humbug and the Mississippian Madison
formations and their hanging wall and footwall intersections with the fault, the
deformed length in the hanging wall (lhf) was determined to be 1,767 m (5,798
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feet) and the restored length in the hanging wall (lho ) was determined to be
2,094 m (6,870 feet). These two values allow for the hanging wall shortening to
be:
Shortening in the hanging wall fold

= (lho -lhf) / lho
= (2,094 m -1,767 m) I 2,094 m

= (6,870' - 5,798') / 6,870'
= -15.6%
The footwall deformed length (ltt) is 1,257 m (4,124 feet) and the restored
footwall length (It o ) is 1,326 m (4,350 feet). These two values allow for the
footwall shortening to be:
Shortening in the footwall fold

= (Ito -lff) / Ito
= (1,326 m -1,258 m) I 1,326 m
= ( 4,350' - 4,124') / 4,350'

= - 5.2%
By dividing the 327 m (1,072 feet) of shortening found in the hanging
wall, the 69 m (226 feet) in the footwall, and the 66 m (216 feet) due to fault
heave by the 461 m (1,514 feet) of total shortening, the percentages of total
shortening in each domain can be made:
Hanging wall shortening = 327 m / 461 m
= 1,072' I 1,514' = 70.8%
Footwall shortening

= 69 m I 461 m

= 226' I 1,514' = 14.9%
Fault shortening

= 66 m I 461 m
=

216' / 1,514' = 14.3%
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In the restored cross section, loose line B' is not vertical, particularly in
the stratigraphically lower sections, suggesting that the entire section has
undergone some simple shear.

This simple shear is most evident in the

Pennsylvanian Upper Morgan, the Mississippian Doughnut and Humbug, and
the Cambrian Lodore formations. A simple shear calculation for each formation
was made by measuring the angle 'V between the loose line B' at the formation
and a vertical line. At the top of the Morgan Formation the simple shear is:
Simple shear ( y )

= tan 'V
= tan 4°
= 0.070

At the Mississippian Doughnut and Humbug formations the simple shear is:
Simple shear ( y )

= tan 'V
= tan 19 °

= 0.344
At the Cambrian Lodore Formation the simple shear is:
Simple shear ( y )

= tan 'V
= tan 16 °
= 0.287

There are no constraints regarding the form of the Mitten Park fault at
depth. To investigate the implications of various geometric constraints, four
methods were used to calculate the depth to the fault's detachment or a lower
flat. Nothing in the data collected here requires that a lower flat exist, but such a
structure would be consistent with conventional structures in layered rocks
(Suppe, 1983; Ellis and Dunlap, 1988). In particular, the presence of flat-lying
beds in the hanging wall suggests that the Mitten Park fault may have a ramp
flat geometry. The first method assumes �rea conservation and no additional
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faulting between the folded surface and the detachment (Marshak and Mitra,
1988). This method requires the calculation of the area under a folded datum.
This area will equal the area under the datum delineated horizontally by the
difference between the deformed line length and the restored line length and
vertically by the depth to detachment. Therefore, by dividing the deformed area
by the difference in lengths, the depth to the detachment was calculated. For
this cross section, the total deformed area was determined to be 4.36 x 106 m2
(4.69 x 1o7 tt2). Dividing this area by the 461 m (1,514 feet) of shortening, the
depth to detachment is:
Detachment depth = (4.36 x 106 m2 /461 m) = 9.46 x 1o3m
= 9,460 m
= (4.69 x 107tt2 /1,514 ft)=3.10 x 1o4'
= 31,000'
By assuming a surface temperature of 30 ° C and a 30 ° C / km temperature
gradient, this 9,450 m (31,000 foot) detachment depth would correlate with a
300 ° C isotherm. It seems unlikely that the structure exposed at Mitten Park
detaches at the brittle-ductile transition zone and thus, the 9,450 m (31,000 foot)
detachment depth seems unreasonably deep. Additionally, this method applies
to areas without a preexisting (older) fault.
The other three methods for calculating the detachment depth are
graphical in nature and present three alternative solutions (Figure 34). By
projecting the existing axial surfaces downward from hinge point B2 to the
intersection of these projections with the fault and assuming this intersection
lies on the detachment, two solutions can be calculated. In solution A, the
projection of the steepest axial surface in the anticline northwest of the Mitten
Park fault (loose line #1) would intersect the fault at a depth of 152 m (500 feet)

below sea level.
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In solution B, the shallower axial surface in the anticline

northwest of the Mitten Park fault would intersect the fault at a depth of 2,332 m
(7,650 feet) below sea level.

Finally, in solution C, by forming a new axial

surface that bisects the two converging axial surfaces below hinge point B2
and projecting this new axial surface downward to its intersection with the fault,
a depth to detachment of 579 m (1,900 feet) below sea level can be calculated.
Based on both the small amount of offset and the short length of the Mitten Park
fault, solution B seems unreasonably deep. The Mitten Park fault is a small
reverse fault in both trace length and offset and may not require a detachment
or flat. Therefore, another possible solution is the termination of the Mitten Park
fault at its lower tip. If a lower detachment or flat exists, the author believes
solutions A and C are more probable than solution B.
It is often assumed that no footwall deformation exists and cross sections
are drawn with no footwall strain accommodation.
deformation is well documented.

In this area, the footwall

However, if one assumes no footwall

deformation and still maintains area conservation in cross section B-B', the
cross-section and the fault geometry change (Figure 35). Assuming a fault dip
of 58° , maintaining line lengths, and restoring from a vertical loose line B'
southeast to the Mitten Park fault (loose line #3), the fault steepens to 61 °.
Cross section C-C'
Cross section C-C' shows an asymmetrically folded section with an
anticline-syncline pair. A fault is required at depth to balance the cross section.
Hinge point C1, located 671 m (2200 feet) south of pin line C, is the primary
convergence point for the anticline's axial surfaces from the southern limb of the
anticline and is in the Cambrian Lodore Formation near the Mississippian
Madison Formation contact. Hinge point C2, located 305 m (1,000 feet) south of

Figure 34. Diagrammatic solutions for depth to detachment.
Axial surfaces are from Cross-Section 8-8'. At a depth of 152 m
(500 feet) below sea level, solution A is based on the intersection
of loose line #1's projection with the fault. At a depth of 2,332 m
(7,650 feet) below sea level, solution 8 is based on the intersection
of the projection of the shallower southeastern axial surface and
the fault. Finally, at a depth of 579 m (1,900 feet) below sea level,
solution C is based on the intersection of a new axial surface,
which bisects the aforementioned axial surfaces, and the fault.
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Diagrammatic
restoration
of cross section B-8'
with no footwall deformation.
Loose line B' is assumed to be
vertical fashion and contacts are drawn back to the fault while
maintaining
line lengths
and area conservation.
Using this
technique the fault steepens from 58° to 61 °.
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pin line C, is the convergence point for all of the anticline's axial surfaces and is
in the Proterozoic Y Uinta Mountain Group Formation over 457 m (1,500 feet)
below the Cambrian Lodore Formation contact. The syncline is a gentle fold,
with interlimb angles of 159° and 152° . The anticline is also a gentle fold, with
an interlimb angle below hinge point C1 of 124 ° . All shortening and bulk strain
can be explained by the fold pair and no fault at depth is required to create an
area-balanced and restorable cross section.
Cross section C-C' had a deformed length (If) of 2,667 m (8,750 feet) and
a restored length (10) of 2,959 ± 59 m or 2,959 m ± 2.0% (9,708 ± 192 feet or
9,708 feet± 2.0%). These two values allow for the shortening to be:
Shortening = (lo - If) / lo
= (2,959 m - 2,667 m) I 2,959 m
= (9,708' - 8,750') I 9,708'
= - 9.9%

I n the restored cross section, loose line C' departs slightly from vertical,
suggesting the possibility for some simple shear. This simple shear is most
evident in the Pennsylvanian Upper Morgan, the Mississippian Madison, and
the Cambrian Lodore formations. A simple shear calculation for each formation
was made by measuring the angle y between the loose line C' at the formation
and a vertical line. At the Pennsylvanian Upper Morgan Formation the simple
shear is:
Simple shear ( y)

= tan \JI
= tan 10°
= 0.176
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At the Mississippian Madison Formation the simple shear is:
Simple shear ( y)

= tan 'I'
= tan 5°
= 0.087

At the Cambrian Lodore Formation the simple shear was calculated to be:
Simple shear ( y)

= tan 'I'
= tan 8°
= 0.141

DISCUSSION OF CROSS SECTIONS
All three cross sections show a southeast vergent, asymmetrical fold pair
with the steepest dips occurring in the southeastern or southern limb of the
anticline and the northwestern or northern limb of the syncline. Increases in
deformational intensity is marked by increased fold bifurcation, the structural
lowering of the anticline's hinge points, and decreased interlimb angles. The
increase in deformational intensity is manifested in the progressively larger
shortening values from cross section C-C' (-9.9%) to cross section A-A'(-11.5%)
to cross section B-B'(-13.5%) and indicates that cross section C-C' is the least
deformed, cross section A-A' is the intermediary, and cross section B-B' is the
most deformed.
In cross section B-B', the hanging wall accommodated -15.6%
shortening, the footwall accommodated -5.2% shortening, and there is 66 m
(216 feet) of fault heave. Therefore, the hanging wall accommodated 70.8% of
the total shortening, the footwall accommodated 14.9% of the total shortening,
and the fault accommodated 14.3% of the total shortening.
The folding in the area, particularly the hanging wall anticline, shows an
increase in intensity from cross section C-C' to cross section A-A' to cross
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section B-B'. In cross section C-C' three axial surfaces merge at hinge point C1
in the upper Cambrian Ladore Formation and a 124° interlimb angle is formed.
In cross section A-A' eight axial surfaces merge at hinge point A in the
Mississippian Madison Formation and a 104° interlimb angle is formed. Finally,
in cross section B-B' eight axial surfaces merge in the upper Proterozoic Y Uinta
Mountain Group Formation at hinge point B1 and at the lower hinge point B2,
forming an interlimb angle between 79° and 119°.

The hinge points move

downward from the Mississippian Madison and Cambrian Lodore formations in
cross sections A-A' and C-C' (hinge points A and C1) into the Proterozoic Y
Uinta Mountain Group Formation in cross section B-B' (hinge points B1 and B2).
The downward movement of the anticline's hinge points and the reduction of
the interlimb angle may have allowed for increases in hanging wall strain
accommodation as more shortening was imposed on the section.

This

downward migration of hinge points implies that the Proterozoic Y Uinta
Mountain Group Formation acted as a layered sequence and is not basement in
the sense of foreland structures discussed elsewhere (McConnell, 1994). Only
a small amount of Proterozoic Y Uinta Mountain Group is exposed in the study
area where it is a medium bedded arkose that appears to deform by faulting
and layer-parallel slip.

Elsewhere in Dinosaur National Monument these

mechanisms seem to be the dominant deformation mechanisms in the
Proterozoic Y Uinta Mountain Group (Brown and Evans, 1994).
The syncline in all cross sections appears to be more broad and open
than the anticline. However, there is a definite pattern to the change in the
syncline's interlimb angles when moving from one cross section to another. In
cross-section C-C' the two interlimb angles are, from north to south, 152 ° and
159 ° .

In cross section A-A' the two interlimb angles are, from northwest to

°

°

southeast, 142 and 158 .
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Finally, in cross section B-B', the two interlimb

angles are, from northwest to southeast, 143 ° and 162 °.

The southern or

southeastern interlimb angle remains uniform, suggesting little change in
deformational intensity.

The northern or northwestern interlimb angle is

reduced from 152 ° in cross section C-C' to a smaller approximate value of 143 °
in cross section A-A' and cross section B-B'.
Simple shear is evident in some stratigraphic units in all three cross
sections. Simple shear is most developed in the lower stratigraphic sections.
The Mississippian Madison and Cambrian Lodore formations probably exhibit
simple shear because of their structural position in the sequence and the lower
Proterozoic Y Uinta Mountain Group acting as a rigid bounding surface. The
Mississippian Doughnut and Humbug formations probably exhibit simple shear
because of lithologic characteristics, depth of burial or overburden, and
surrounding units, both above and below, acting as more competent bounding
surfaces.
Field evidence suggested that intense deformation in the form of
fracturing, layer-parallel slip, and deformation bands, particularly in the thicker
and more competent Pennsylvanian Weber, Mississippian Madison, and the
Cambrian Lodore formations, was concentrated in relatively narrow bands
(<20m thick parallel to bedding) (Brown and Evans, 1995; Evans and others,
1995), suggesting that folding developed with a fixed hinge instead of a
migrating hinge. In a fixed-hinge deformational model, the fold hinges are set
early in fold development (McConnell, 1994). As deformational intensity and
shortening values increase, progressive rotation of fold limbs around these
fixed hinges would occur. This model for fold development would also help to
explain the lowering of hinge points with increasing deformation. The volume of
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rock contained by the narrow deformation zone above hinge point C1 and C2
and hinge point A is finite and capable of accommodating only a finite amount
of strain. As the total strain approaches some possibly limiting strain, the hinge
point might be lowered to allow for more strain accommodation. This would
explain the much lower hinge points B1 and B2. This model agrees with some
of the predictions of the trishear fault-propagation fold model of Erslev (1991), in
which the width of the zone of deformation increases with increased slip.
However, the trishear model predicts much more thickening or thinning of strata
in the common anticline-syncline limb (forelimb) than is observed here.
The depth-to-detachment calculation based on area conservation seems
unreasonable in that it yields a Mitten Park lower flat at approximately 10 km
(33,000 feet) depth. This would be an extraordinarily deep fault flat for a fault
with only 66 m (216 feet) of net slip. This model assumes area conservation
and no additional faulting below the folded surface.

If this calculation is

discounted, then one or both of its assumptions must be invalid. There is a
small component of strike-slip displacement inferred from the fault analysis
(Figure 23), which would manifest a small amount of non-plane strain. Non
plane strain would eliminate the possibility of complete area conservation.
Also, there is evidence for preexisting faulting in the area shown by the
exposure of older faults found in the Canyon of Lodore (Hansen and others,
1991 ).

These preexisting faults lie between the folded surface and the

predicted detachment. This basement relief would also complicate the issue
and eliminate the possibility of area conservation.

Therefore, the depth-to

detachment calculation is invalid because neither of its assumptions are met;
the area probably does not meet a rigorous test of area or volume conservation
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and there are known preexisting faults separating the folded surface and the
predicted detachment.
The graphical solutions for the detachment depth provide a much more
reasonable value for the depth of the postulated lower flat. Solutions A and B
are based on the projection of an existing axial surface downwards to the
projection's intersection with the fault. The exact location of both of these axial
surfaces is subject to interpretation. Therefore, their solutions could be altered
significantly by a slight change in their location.

The most reasonable

detachment depth calculation comes from solution C, which is derived from a
new axial surface bisecting the hanging wall's axial surfaces and would
minimize the effects of any changes in the location of the existing axial surfaces.
Although any of the graphical solutions might prove to be correct, the author
believes that, if a lower flat exists, then solution C, with a detachment depth of
579 m (1,900 feet) below sea level, is more probable than the other solutions.
Another possibility is that the Mitten Park fault is a back thrust off the Island Park
fault and does not have a lower flat or detachment.

The previous depth to

detachment calculations might indicate where the intersection of the two faults
is (Erslev, 1993).
In Figure 35, the footwall is shown to be un-deformed and area
conservation is maintained, which results in a slightly over-steepened fault
solution. That is, lack of accounting for the footwall deformation, no matter when
it developed, would always generate a steeper fault than actually exists. This
over-steepening is greater as the amount of footwall deformation increases or
as the dip of the actual fault decreases (see, for example, Schmidt and others,
1993). The degree of steepening, or lack thereof, is probably a function of, and
minimized by, the relevant lithologies.

Assuming a horizontal maximum
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principal stress and a vertical minimum principal stress, Mohr-Coloumb failure
criteria predict a dip of 30 ° for a compressional fault. For Mohr-Coloumb failure
criteria to be met, the Mitten Park fault, with a dip of 58 ° , would require a sub
horizontal maximum principal stress and a subvertical minimum principal stress.
This over-steepened fault solution would require even further rotation of the
stress field and seems difficult to justify in light of Mohr-Coloumb failure criteria.
An evolution of the Mitten Park fault-fold structure can be inferred from
the cross sections, with the cross sections showing three progressive stages of
development: early development, mid-stage development, and final stage
development. Cross section C-C' represents the early stage of the structure
marked by the establishment of the open anticline-syncline pair and their
related axial surfaces, discernible shortening, and the large interlimb angles.
Cross section A-A' represents a mid-stage of development and is marked by the
bifurcation of established axial surfaces, an increase in shortening, and the
tightening of interlimb angles in the anticline and northwestern limb of the
syncline. Finally, cross section B-B' represents the end-member or final stage
in the development of the structure is marked by even more shortening, the
lowering of the anticlinal hinge point to accommodate this shortening, and the
development of the fault.
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DISCUSSION

This study has shown several facts about the Mitten Park fault-fold
structure and, hopefully, it elucidates some concepts that can be applied in
other settings.
TIMING OF FAU LTING AND FOLDING
It is important to understand the timing of the deformation found in the
study area and to determine the temporal relationship between faulting, folding,
and fracturing. There are three temporal relationships that could describe the
formation of the Mitten Park fault and the Mitten Park monocline: the faulting is
pre-folding, the faulting is syn-folding, or the faulting is post-folding.

The

fractures in the study area serve to further complicate deciphering any temporal
relationship between the deformation in the study area.

Are the fractures

related to the faulting and, if so, how are they related? Also, if there is a direct
relationship between the faulting and folding, can the same be said of the
fractures with respect to both the faulting and the folding? Inferences made
from this study suggest that the faulting, folding, and fracturing developed at the
same time.
The relationship between the faulting and the folding is most clearly
shown by ruling out the pre- and post-folding hypothesis. As stated earlier, the
Mitten Park fault is planar at outcrop scale and is a relatively planar feature at
map scale.

By employing a pre-folding fault model and assuming that the

Mitten Park fault formed before the folding, then the Mitten Park fault would be
folded like the adjacent rocks and strata. However, this is not the case because
the Mitten Park fault is not folded about a local fold axis. The dip of the Mitten
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Park fault is uniform at various structural levels. Therefore, the Mitten Park fault
could not have formed prior to folding.
The argument to eliminate the possibility that the faulting is post-folding is
slightly more obscure. Assuming that the faulting occurred post-folding, one
would expect to see a planar fault and this expectation correlates with outcrop
and map scale observations. However, based on models of cylindrical folding
resulting from one fold event and/or compressional settings that exhibit
cylindrical fold types that are generally uniform along the trend of the structure,
one would expect to see a uniform trend to the fold axis. The trend and plunge
of the fold axes vary along strike (Figure 16). Fold analysis of the project area
demonstrates that the folding is cylindrical. There is no evidence of refolding to
produce the definite variation in the trend and plunge of the fold axis. This
variation, particularly in the trends of the folding found in the footwall, directly
coincides with variations in the trend of the Mitten Park fault trace. It seems
likely that the coincidences of trends of the fold axis and variations in the trend
of the Mitten Park fault trace are related.

This coincidence between the

variations in trend of fold axis and trends of the Mitten Park fault trace precludes
the possibility of post-folding faulting and suggests synchronicity. Therefore, the
monoclinal folding did not occur after formation of the Mitten Park fault.
If the Mitten Park fault did not pre-date folding and it did not post-date
folding, then only one temporal relationship remains possible: that faulting and
folding were synchronous. Therefore, the formation of, and slip on, the Mitten
Park fault must have occurred with and during the formation of the Mitten Park
monocline and these distinct compressional forms must be considered
geologically synchronous.

TIMING OF FRACTURING
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The timing of fracturing in the study area can be correlated to the faulting
and the folding. There is little significant difference in the orientation of fractures
in the hanging wall and footwall, which suggests that they did not form before
faulting. If the fractures formed prior to faulting, the faulting and associated
folding would differentially rotate the orientations of the fractures in the hanging
wall and footwall. Also, fracture orientations are not radially fanned as would be
expected if they had formed before the folding had occurred.

These two

observations strongly suggest that fracturing could not have occurred before the
syn-faulting folding and the faulting.
Fracture intensity is inversely related to proximity to the fault; as the fault
is approached, the fracture intensity increases. Fracture orientations can be
interpreted to have resulted from a stress field orientation similar to the stress
field orientation that was causal to the faulting and the folding. These
observations suggest that fracturing may have been directly related to the
faulting and folding event. The author believes that fracturing, faulting, and
folding are all synchronous and are the result of a multiphase deformational
event that was expressed in this area by three distinct types of deformation.
However, other interpretations are permitted by the data.

CONCLUSION
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Conclusions of this integrated field and structural analysis of the Mitten
Park fault-fold structure differ from previous interpretations.
There are both small normal and thrust (reverse) faults found in the
project area. There is one central fault: the Mitten Park reverse fault. Three
point problem analysis indicates that the Mitten Park thrust fault strikes S28° W
and dips 55° WNW. Kinematic analysis suggests a nodal plane for the Mitten
Park fault that strikes S69.?° W and dips 47.9° NNW. Field observations suggest
a dip of 58°, which correlates with the three-point problem solution of 55° WNW.
There may be additional shortening accommodated by antithetic faulting to the
Mitten Park fault, which strikes N62.3° E and dips 42.4 °SSE. Small normal
faults have an average strike of N41.6° E and dip of 49.6°SE. The Mitten Park
fault has a subhorizontal to horizontal, northwest to southeast P-axis and
crHmax and a near-vertical to vertical T-axis and crHmin- The normal faults
define a subhorizontal to horizontal, northwest to southeast T-axis and crHmin
and a near-vertical to vertical P-axis and crHmax- The Mitten Park fault causes
northwest to southeast directed shortening. Due to the overturned geometry in
the footwall, the normal faulting also causes northwest to southeast directed
shortening.
Folds in the study area are cylindrical. Plunges and trends of the fold
axis in the hanging wall vary in plunge from 11 ° to 16° and vary in trend from
S24° W to S35° W. Plunges and trends of the fold axis in the footwall show more
variation than in the hanging wall and vary in plunge from 4° to 54° and vary in
trend from S10 ° W to S87 ° W . The plunge and trend of fold axis in the same
geographic domain and different structural position do not necessarily coincide.

lnterlimb angles in the hanging wall vary from 97.5

°

± 10.6 to 155.2 ±
°

°
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18.0° .

lnterlimb angles in the footwall vary from 95.4° ± 20.8° to 151.9° ± 9.3 ° .
Fractures and fracture sets can be found in the hanging wall, fault zone,
and the footwall of the field area, with intensity directly related to proximity to the
Mitten Park fault. Fractures in the hanging wall suggest a horizontal crH ma x
between S80 ° W and N60 ° W, most probably between S85 ° W and N65 ° W.
Fractures in the fault zone suggest a horizontal crHmax between S50° W and
S60 ° W with an approximate value of S55 ° W. Fractures in the footwall show
little variation and suggest a horizontal crHmax between N45 ° W and N35 ° W.
The crHmax derived from fractures in both the hanging wall and the footwall are
similar and consistent. The crH max derived from fractures in the fault zone
differs from the crHmax derived from fractures in both the hanging wall and
footwall. The crHmax derived from fractures in the fault zone may represent
rotation of fault-zone blocks or very local, intrafault stress regimes and are,
therefore, not necessarily inconsistent with the crHmax derived from fractures in
the hanging wall and footwall. Fractures in the field area suggest a regional
stress field with a crHmax between S85 ° W and N35 °W; the fractures suggest a
northwest to west to southeast to east orientation for the maximum horizontal
stress. This orientation is significantly different from crHmax inferred elsewhere
in the foreland province. The difference could be explained by a localized
rotation of the regional stress field about a vertical axis of either 55 °-155 ° in a
counterclockwise direction or 25 ° -125 ° in a clockwise direction.
Asymmetrical folding accommodates the majority of the shortening found
in the area. The synclines in all cross sections are gentle folds. The anticline in
cross section C-C' is a gentle fold and the anticline in cross section A-A' and
cross section 8-8' is an open fold. Shortening progressively increases from
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cross section C-C' (-9.9%) to cross section A-A' (-11.5%) to cross section B-B'
(-13.5%). In cross section B-B' the hanging wall accommodates 70.8% of the
total shortening, the footwall accommodates 14.9% of the total shortening, and
the fault accommodates 14.3% of the total shortening. The anticline's interlimb
angles progressively tighten with increases in deformation whereas the
syncline's interlimb angles remain relatively constant. The anticline's hinge
point is lowered significantly to accommodate more shortening as deformation
increases in intensity. Simple shear is most evident in the lower stratigraphic
sections. The classic method for calculating the detachment depth fails in this
study area because area conservation is not maintained and there are pre
existing faults separating the folded surface and the predicted detachment.
There are three graphical solutions for the depth to detachment with a
preferable depth of 579 m (1,900 feet) below sea level. If the footwall of the
Mitten Park fault is assumed to be undeformed, the Mitten Park fault would have
a dip of 61°, not 58 ° . There are three distinct stages to the development of the
Mitten Park fault-fold structure: early stage development exhibited by cross
section C-C', mid-stage development exhibited by cross section A-A', and final
stage development exhibited by cross section 8-B'. Field evidence suggests
that folds developed with a fixed rather than a migrating hinge.
Previous fault-fold models assume an undeformed footwall. Based on
the Mitten Park fault-fold structure, this assumption may not be valid.
Application of a classic fault-fold model to an area that has a deformed footwall
could create errors in the determination of either the fault's geometry and/or in
total shortening calculations. Restoration of a cross section utilizing line or area
conservation would oversteepen a thrust fault (Figure 35). The degree of over
steepening would be directly proportional to the amount of footwall deformation.
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If the footwall has accommodated a large portion of the total bulk strain and this
is not recognized, it is very possible that a derived fault geometry, based on line
or area conservation, could be significantly steeper than the actual fault. The
Mitten Park fault-fold structure had a significant amount of shortening
accommodated by the footwall. If the geometry of the fault is well constrained
and the footwall is assumed to be undeformed, then shortening calculations will
underestimate the total amount of shortening.

In either case, application of

previous fault-fold models to areas that have deformation present in the footwall
will lead to errors that could be significant.
Examination of the preexisting Proterozoic Y faults in the Canyon of
Lodore eliminated the possibility of reactivation. The strike of these preexisting
faults made reactivation seem plausible, but further inspection of their
orientation and type of offset makes reactivation improbable.

These pre

existing faults are high angle faults exhibiting strike-slip displacement and only
a small amount of normal dip-slip displacement. It is the belief of the author that
the Mitten Park fault is not a reactivation of any preexisting Proterozoic Y faults
found in the Canyon of Lodore.
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TABLE 1.

Summary of the fold analysis for the Western Edge anticline and syncline.

Data Points
Cylindrical Best Fit
Eigenvalue 1
Eigenvector1 (TandP)
Eigenvalue 2
Eigenvector 2 (TandP)
Eigenvalue 3
Eigenvector 3 (TandP)
95% Confidence Cones
Axis 1:(Max. and Min.)
Axis 3:(Max. and Min.)
Best Fit Great Circle
T and P of Fold Axis
Conical Best Fit
T and P of Cone Axis
Half-Apical Angle
Mean Vector Analysis
Number of Limbs
Type of Limbs

Western Edge
Anticline
N=27

Western Edge
Syncline
N=20

0.8 122
326.3 ° 40.7 °
0.1473
98.2 ° 37.8°
0.0405
211.0° 26.4°

0.9551
45.6° 78.7°
0.0371
312.0° 0.7°
0.0078
221.9° 11.3°

11.8 °
21.5°

5.0°
4.7°

NA
NA

N
26°

312° 79° N
222°
11°

49 °
345 °
°
30

66°
106°
°
4
2

301 °
211°

540

3
2
Shallow, Moderate, and Shallow and Moderate
Steep
N= 5
N= 19
Shallow Limb
°
°
31.8
38.0° 78.7°
69.8
Mean Vector (TandP)
0.9928
0.9996
Length (Max.=1.0)
131.6
1510.4
Concentration Factor,k=
3.7°
2.5°
99% Confidence Cone
1.8 °
2.9°
95% Confidence Cone
°
°
°
127 11 ° s
122 20 s
Great Circle (SandD)
Yes
Yes
Correlates w/ Kamb contour
plot
Yes
Yes
Correlates w/ 1% Contour
N=1
N=15
Steep/Moderate Limb
124° 37°
321.8 ° 39.3°
Mean Vector (TandP)
NA
0.9866
Length (Max. =1.0)
=
NA
65.2
Concentration Factor,k
NA
5.9°
99% Confidence Cone
NA
4.6°
95% Confidence Cone
NA
52° 51° s
Great Circle (SandD)
NA
Yes
Correlates w/ Kamb contour
plot
NA
Yes
Correlates w/1% Contour

104

TABLE 1 CONTINUED.

Mean Vector Analvsis
!Overturned/Steep Limb
Mean Vector (TandP)
Length (Max. =1.0)
!Concentration Factor,k=
199% Confidence Cone
95% Confidence Cone
!Great Circle (SandD)
:Correlates w/ Kamb contour
plot
:Correlates w/1% Contour
lnterlimb Anales
$hallow-Steep
Range
Steep-Overturned
Range
Shallow-Overturned
Range

Western Edge
Anticline

Western Edge
Syncline

N=7
327.1 ° 19.3 °
0.8704
5.7
34.1 °
25.4°
°
57 71 ° s
Yes

NA
NA
NA
NA
NA
NA
NA
NA

Relatively

NA

133.1° ±6.7°
126.4° - 139.8 °
159.4° ±29.7 °
129.7° - 189.1°
116.7 ° ±28.2 °
88.5 ° - 144.9°

127.1° ±3. 7°
123.4° - 130.8 °
NA
NA
NA
NA
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TABLE 2.

Summary of the fold analysis for the Harpers Corner hanging wall and footwall.

Data Points

Cvlindrical Best Fit

Eigenvalue 1
Eigenvector1 (TandP)
Eigenvalue 2
Eigenvector 2 (TandP)
Eigenvalue 3
Eigenvector 3 (TandP)

95% Confidence Cones
Axis 1 :(Max. and Min.)
Axis 3:(Max. and Min.)
Best Fit Great Circle
ir and P of Fold Axis
conical Best Fit
P of Cone Axis
Half-Apical Angle
Mean Vector Analvsis
Number of Limbs

rr and

rrype of Limbs

Shallow Limb

Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
99% Confidence Cone
95% Confidence Cone
Great Circle (SandD)
Correlates w/ Kamb contour
plot
Correlates w/ 1% Contour
Steep/Moderate Limb
Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
99% Confidence Cone
95% Confidence Cone
Great Circle (SandD)
Correlates w/ Kamb contour
plot
Correlates w/1% Contour

Harpers Corner
Hanging wall
N:1 61

Harpers Corner
Footwall
N=1 5

0.8904
329.9° 62.0°
0.0876
110.6° 22.4°
0.0219
207.3° 16.0°

0.7126
17.3° 77.2°
0.2 787
129.2° 4.8°
0.0087
220.2° 11.8°

2.2°
9.4°

1.6°
1.6°

NA
NA

297° 74° N
16°
207°

310° 78° N
12 °
220°

184 °
67 °
51 °

225 °
41 °
67°

2

3

Shallow and
Steep I Overturned
N= 149
332.5° 63.6°
0.9735
37.4
2.40
1.9°
°
62 26° s
Yes

Shallow, Steep, and
Overturned
N= 10
29.5° 77.9°
0.9903
83.5
6.6°
5.0°
°
120 12° s
Yes

Yes
NA
NA
NA
NA
NA
NA
NA
NA

Yes
N=3
314.7° 20.7°
0.9963
120.2
14.8°
9.2°
°
45 69° E
Yes

NA

Yes
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TABLE 2 CONTINUED.

Mean Vector Analvsis
Overturned/Steep Limb
Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
99% Confidence Cone
95% Confidence Cone
Great Circle (SandD)
Correlates w/ Kamb contour
plot
Correlates w/1% Contour
lnterlimb Anales
Shallow-Steep
Range
Steep-Overturned
Range
Shallow-Overturned
Range

Harpers Corner
Hanging wall

Harpers Corner
Footwall

N= 12
121.5° 3.0°
0.9678
26.1
10.7°
8.3°
°
211 86° w
Yes

N=2
125.0° 28.0°
0.9974
97.9
41.7°
17.9°
°
215 62° w
Yes

Yes

Yes

NA
NA
NA
NA

112.9 ° ± 15.5°
97.4° - 128.4°
130.7° ± 27.4°
103.3° - 158.1 °
116.3° ± 24.2 °
92.1° - 140.5

108.9 ° ± 11.7°
97.2° - 120.6°
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TABLE 3.

Summary of the fold analysis for the Mitten Park hanging wall and footwall.

Data Points

Mitten Park
Hanging wall
N:64

Mitten Park
Footwall

Eigenvalue 1
Eigenvector1 (TandP)
Eigenvalue 2
Eigenvector 2 (TandP)
Eigenvalue 3
Eigenvector 3 (TandP)

0.7493
332.6° 62.4°
0.1816
107.0° 20.1°
0.0242
203.9° 18.1°

0.8986
316.1° 23.1°
0.065
58.2° 26.1°
0.0364
190.2° 53.9°

95% Confidence Cones
Axis 1:(Max. and Min.)
Axis 3:(Max. and Min.)

6.5° 2.8°
8.8° 2.8°

3.6° 2.3°
57.7° 2.40

Best Fit Great Circle
T and P of Fold Axis

294° 72° N
204°
18 °

280° 36° N
54 °
1 90°

57 °
188 °
°
62

2 59 °
85°
°
65

3
Shallow, Steep, and
Overturned
N= 40
344.3 ° 68.0°
0.984
61.1
3.7°
2.9°
°
74 22° s
Yes

3
Shallow, Steep, and
Overturned
N=14
324.0° 39.4°
0.9673
26.4
9.7°
7.50
54° 51° s
Yes

Yes
N=8
321.9° 33.9°
0.9567
17 7
16.7 °
12.6°
°
52 56° s
Yes

Yes
N=61
316.1° 20.6°
0.9813
52.5
3.2°
2.5°
°
46 69° s
Yes

Yes

Yes

Cvlindrical Best Fit

�onical Best Fit
T and P of Cone Axis
Half-Apical Angle
Mean Vector Analvsis
Number of Limbs

Type of Limbs

Shallow Limb

Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
99% Confidence Cone
95% Confidence Cone
K;reat Circle (SandD)
Correlates w/ Kamb contour
plot
Correlates w/ 1% Contour
Steep/Moderate Limb
Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
99% Confidence Cone
95% Confidence Cone
Great Circle (SandD)
Correlates w/ Kamb contour
plot
Correlates w/1% Contour

N:80
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TABLE 3 CONTINUED.

Mean Vector Analvsis
!Overturned/Steep Limb
Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
199% Confidence Cone
195% Confidence Cone
K;reat Circle (SandD)
Correlates w/ Kamb contour
plot
Correlates w/1% Contour
lnterlimb Anales
Shallow-Steep
Range
Steep-Overturned
Range
Shallow-Overturned
Range

Mitten Park
Hanging wall

Mitten Park
Footwall

N=9
108.8° 4.7°
0.9802
39.9
10.2°
7.8°
°
199 85° w
Yes

N=2
228.8° 30.0°
0.9952
51.8
58.7°
24.8°
°
319 60° E
Yes

Yes

Yes

143.1° ± 15.8°
127.3° - 158.9°
130.0° ± 21.0 °
109.0 ° -151.0°
97.5° ± 10.6°
86.9° - 108.1°

160.0° ± 10.6°
149.4° - 170.6°
102.2 ° ± 27.5°
74.7° -129.7°
104.8° ± 32.3°
72.5°-137.1°
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TABLE 4.

Summary of the fold analysis for the Steamboat Rock hanging wall
and Western footwall.
Steamboat Rock
Steamboat Rock
Footwall- West
Hanging wall
Data Points
N:17
N:3 8

Cvlindrical Best Fit
Eigenvalue 1
Eigenvector1 (TandP)
Eigenvalue 2
Eigenvector 2 (TandP)
Eigenvalue 3
Eigenvector 3 (TandP)

0.9084
326.1 62.4 °
0.0606
119.8 ° 25.1°
0.031
214.9° 10.7°

0.6 566
342.3° 23.2°
0.2938
151.7 ° 66.5°
0.04 96
250.6° 3.9°

195% Confidence Cones
�xis 1 :(Max. and Min.)
Axis 3:(Max. and Min.)

NA
NA

23.3° 5.5°
9.0° 4.0°

Best Fit Great Circle
T and P of Fold Axis

305° 79° N
215°
11 °

341° 86 ° E
4°
251°

�onical Best Fit
T and P of Cone Axis
Half-Apical Angle
Mean Vector Analvsis
Number of Limbs
Type of Limbs
Shallow Limb
Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
99% Confidence Cone
95% Confidence Cone
Great Circle (SandD)
Correlates w/ Kamb contour
plot
!Correlates w/ 1% Contour
!Steep/Moderate Limb
Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
199% Confidence Cone
195% Confidence Cone
K3reat Circle (SandD)
Correlates w/ Kamb contour
plot
�orrelates w/1% Contour

331°
58°
18°
2
Shallow and Steep

71°

89°
61°

N=9
336.8 ° 73.0°
0.9891
72.3
7.5 °
5.7 °
°
67 17 ° s
Yes

3
Shallow, Steep, and
Overturned
N=14
350.5° 68.6 °
0.96 29
23.3
10.4 °
8.1°
°
81 21° s
Yes

Yes
N=8
320.7° 49.2°
0.9597
19.00
16.1°
12.2 °
°
51 41° s
Yes

Yes
N:15
341.2° 14.5°
0.9421
15.00
12.6 °
9.8 °
°
71 75° s
Relatively

Yes

Yes
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TABLE 4 CONTINUED.

Mean Vector Analvsis
Overturned/Steep Limb
Mean Vector (TandP)
Length (Max. =1.0)
Concentration Factor,k=
99% Confidence Cone
95% Confidence Cone
Great Circle (SandD)
Correlates w/ Kamb contour
plot
Correlates w/1% Contour
lnterlimb Anales
Shallow-Steep
Range
Steep-Overturned
Range
Shallow-Overturned
Range

Steamboat Rock
Hanging wall

Steamboat Rock
Footwall- West

NA
NA
NA
NA
NA
NA
NA

N =9
155.9 ° 15.7 °
0.954
17.2
15.7 °
12.0 °
°
246 74 ° N
Yes

NA

Yes

155.2 ° ± 18.0 °
137.2 ° - 173.2 °

125.6° ± 18.3 °
107.3 ° - 142.9 °
149.8 ° ± 22.6°
127.2° - 172.4 °
95.4 ° ± 20.8
74.6° - 116.2 °

NA

NA
NA
NA
NA
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TABLE 5.

Summary of the fold analysis for the Steamboat Rock Eastern footwall.

Data Points
Cvlindrical Best Fit
Eigenvalue 1
Eigenvector1 (TandP)
Eigenvalue 2
Eigenvector 2 (TandP)
Eigenvalue 3
Eigenvector 3 (TandP)

Steamboat Rock
Footwall- East
N:65
0.9122
0.9 ° 45.1 °
0.06 75
173.2° 44.7°
0.0203
267.0° 3.9°

195% Confidence Cones
!Axis 1 :(Max. and Min.)
!Axis 3:(Max. and Min.)

4.8° 2.6°
14.4 ° 2.5°

Best Fit Great Circle
T and P of Fold Axis

357° 86° E
40
267°

�onical Best Fit
T and P of Cone Axis
Half-Apical Angle
Mean Vector Analvsis
Number of Limbs
Type of Limbs
Shallow Limb
Mean Vector (TandP)
Length (Max.= 1.0)
K:;oncentration Factor,k =
199% Confidence Cone
195% Confidence Cone
k3reat Circle (SandD)
K:;orrelates w/ Kamb contour
plot
Correlates w/ 1% Contour
Steep/Moderate Limb
Mean Vector (TandP)
Length (Max.=1.0)
Concentration Factor,k=
99% Confidence Cone
195% Confidence Cone
�reat Circle (SandD)
K:;orrelates w/ Kamb contour
plot
Correlates w/1% Contour

51 °
349°
°
20
2
Shallow and Steep
N=20
2.2 65.2°
0. 9762
40
6.6°
5.2°
°
91 25° s
Yes
°

Yes
N=45
0.4 0 36.8°
0. 9806
50.3
3.8°
3.0°
91 ° 53° s
Yes
Yes

TABLE 5 CONTINUED.

Mean Vector Anal sis
verturned/Steep Limb

Mean Vector (TandP)
Length (Max. = 1.0)
oncentration Factor,k=
9% Confidence Cone
5% Confidence Cone
reat Circle (SandD)
orrelates w/ Kamb contour
lot
orrelates w/1 % Contour
lnterlimb An les

hallow-Steep
Range
teep-Overturned
Range
hallow-Overturned
Range

Steamboat Rock
Footwall- East

NA
NA
NA
NA
NA
NA
NA
NA
NA
151.9° ± 9.3 °
142.6° - 161.2 °

NA
NA
NA
NA
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